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PREFATORY NOTE 


In 1909 a number of friends of Professor Charles Otis Whitman 
planned a volume of the Journal of Morphology as an acknowl- 
edgment of the debt of American science to him as the founder 
and editor of the Journal. . 

A committee, consisting of Frank R. Lillie, Edwin G. Conklin 
and Thomas H. Morgan, was appointed to receive contributions 
of articles from his former students and his associates of the 
Marine Biological Laboratory. It was decided that the numbers 
for the year 1911 should constitute a ‘Whitman Volume.’ 

Professor Whitman died in 1910 before the first number was 
issued and the volume becomes a memorial to one who had a wide 
influence in the elevation of biological science. 

As Whitman’s ideals were broader than mere morphology, so 
the volume in the scope of its contents overlaps that field on all 
sides. 

The articles which were accepted by the committee were so 
numerous and extensive that not all of them could be published 
during the present year, although the volume is far larger than 
usual; consequently some of them will appear, with proper 
acknowledgment, in the next volume of theJournal of Morphology. 
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CHARLES OTIS WHITMAN 


FRANK R. LILLIE 


Charles Otis Whitman was born December 14, 1842, in Wood- 
stock, Maine. He died at his home in Chicago, December 6, 1910. 
On his father’s side! he was descended from Jacob Whitman, who 
was a resident of Bridgewater, Massachusetts, whence he emi- 
grated to Buckfield, Maine. Three sons of Jacob Whitman 
settled in Woodstock, Maine, about the beginning of the nine- 
teenth century, among them Joseph (born September 30, 1783), 
the grandfather of the subject of our sketch. Whitman’s 
father (born February 19, 1821) was the eighth of ten children; 
his mother (born December 12, 1823) was Marcia Leonard, 
daughter of Solomon Leonard, also of Woodstock. Whitman 
married Emily Nunn of Peru, Ohio, in August, 1884, and had 
two sons, Francis, born in Milwaukee, Wisconsin, and Carroll, 
born in Worcester, Massachusetts. 

His early life was spent in Woodstock, though his father re- 
moved to Waterford for a while, subsequently returning to Wood- 
stock. He attended the town schools in Woodstock and Water- 
ford ‘‘and fitted for college at Norway and other academies, 
teaching winters to obtain the means for paying his school ex- 
penses.” ‘‘He early developed a taste for natural history, and 
while here (Woodstock) and a boy, he procured and mounted a 
very fine collection of the birds of Maine. So artistically pre- 


1 In the preparation of this brief biography I have been indebted for information 
to Mrs. Whitman, Dr. Wallace Craig, Prof. H. H. Donaldson, Prof. E. 8. Morse, 
Prof. Cornelia M. Clapp, George T. Little, the librarian of Bowdoin College, Mrs. 
Cornelia Fletcher Day (Westford, Mass.), Mrs. Sarah H. Trumbull (Beverly, 
Mass.), Mrs. Helen Keith Frost (Westford, Mass.), Secretary of the Boston School 
Committee, Headmaster English High School, Boston, Mass., Prof. E. L. Mark, 
Edward Phelps Allis, Jr., Dr. Reinhardt Dohrn, and others. I must also express 
my indebtedness to E. G. Conklin and T. H. Morgan, for criticism of the manu- 
script. The section dealing with Whitman’s scientific work was prepared by 
T. H. Morgan, E. G. Conk in, J. Perey Moore and others—See foot-note p. xlvil. 
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pared where they, and so naturally mounted, that they attracted 
much attention among ornithological students.’’? 

It would be interesting to know more of his early life but Pro- 
fessor Whitman rarely spoke of it, though he referred at times to 
work on his father’s farm. In reply to the question whether 
he had been interested in natural history as a boy, he replied to 
Professor Wallace Craig that he judged he must have been, be- 
cause of his persistence in getting his grandfather to tell hunting 
stories. He never tired of the stories, and often walked a mile 
to have an evening of them; his grandfather was very kind in 
always telling these when asked. He also said that he kept 
pigeons as a boy, and was fascinated by them and sat and watched 
them by the hour, intensely interested in their feeding, their 
young, and in everything that they did. 

We thus get a distinct though undetailed view of a boyhood 
spent on a New England farm, an education acquired by dint of 
labor and self sacrifice, and of an original interest in natural 
history, shown in his observation of pigeons and his collection 
of the birds of Maine. 

He entered Bowdoin College as a sophomore in September, 1865, 
and graduated with the degree of Bachelor of Arts in July, 1868. 
The college curriculum of this time was the usual course of re- 
quired studies with much emphasis on the classical languages, 
some study of modern languages and of mathematics, the elements 
of philosophy and a variety of sciences taught no doubt mainly 
from text-books. The influence of this classical education re- 
mained with him all his life, and was no doubt responsible for 
the views that he entertained in favor of the requirement of Latin 
for college education. There was certainly little to stimulate 
his interest in the field in which he subsequently won distinction. 
His membership in the Greek Letter Society Delta Kappa Epsi- 
lon, in the Athenaeum Society (literary), and in the Philologian 
Society (debating) may help to indicate his social and intellectual 
interests at this period. At his graduation he ranked about 
ninth in a class of twenty-three. The title of his commence- 


2 See Lapham, William B. ‘‘History of Woodstock, Me., with family sketches 
and an appendix.’ Portland, Stephen Barry, Printer, 1882. 
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ment oration ‘“‘Free Enquiry’’ indicates already an unfettered 
mind. 

On graduating from Bowdoin, Whitman was appointed prin- 
cipal of Westford Academy in Westford, Massachusetts. He 
began to teach there on December 16, 1868, and remained until 
the spring of 1872. He must have taught a great variety of sub- 
jects, to judge by the catalogue of 1872, as there was a four years’ 
course involving mathematics, English, Latin, Greek,. French, 
geography, book-keeping, history, natural philosophy, chemistry, 
mental philosophy, astronomy, physiology, and botany, and there 
were but two assistant teachers and ninety pupils in 1871-72. 
However, he continued his interest in birds and taxidermy, and 
the library of the Academy still has a good collection of Westford 
birds prepared by a lady whom Whitman instructed in the art 
while there; it also contains a fine specimen of one of the largest 
of Maine loons set up by Whitman himself. 

During the school year 1871-72 Whitman substituted in the 
English High School in Boston, Massachusetts, and was regularly 
appointed sub-master in September, 1872. At that time the 
departmental system had not been introduced into the school and 
he taught general high school subjects. He remained with the | 
school until the summer of 1875. 

While in Boston Whitman came under the influence of Louis 
Agassiz, and was one of the fifty students who, in July and 
August, 1873, attended the Anderson School of Natural History 
founded by Agassiz on the island of Penikese. Here he met 
Professor E. 8S. Morse, who was an instructor under Agassiz, a 
circumstance which had a great effect in Whitman’s later life, 
leading to his call to the University of Tokyo as related further 
on. Professor Morse was much attracted to him by the beauti- 
ful and accurate way in which he drew the lower forms of life, 
particularly the Ascidian Perophora, on which Morse himself 
- was working at the same time. Morse and Whitman remained 
‘the best of friends throughout life, and at Whitman’s invitation 
many years later Morse delivered several lectures at the Marine 
Biological Laboratory. 
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Louis Agassiz died in December, 1873, and the Penikese school 
was opened again in 1874 for the last time by his son, Alexander 
Agassiz. Whitman was again one of the privileged fifty who 
worked there, though ninety other applicants had to be refused 
admission for lack of accommodations. The Penikese school 
started a tide of biological work at the sea-shore in American which 
ebbed indeed for a while, but began to flow again in the decade 
of the eighties and has been running stronger ever isnce. No doubt 
the germ of the Marine Biological Laboratory, Whitman’s most 
significant scientific enterprise, was implanted there in Whitman’s 
heart and in the hearts of others. Doctor Craig states that 
Whitman felt that he got his first start in scientific zoology from 
Agassiz, but that he did not really get under way until he worked 
with Leuckart on Clepsine in Germany. Asked by Doctor Craig 
(in August, 1910) what he thought of Agassiz’s method, Whitman 
replied that he did not think much of it at first but that as time 
went on he thought more and more of it. ‘‘We are apt to do 
the work for the student too much. What we should do is to 
set him a problem and let him work it out.” 

In 1875 Whitman decided to go to Germany to study natural 
history. Apparently he had not yet decided to abandon his 
career as teacher in the high school, for he left open the possibility 
of returning to his position after a year’s absence. He sailed in 
July, 1875, and settled in Leipzig. From there he wrote to his 
successor in Westford Academy, Mr. William E. Frost, May 28, 
1876: ‘‘Mr. Seaver (the head-master of the English High School 
at that time) says he will secure my re-election and another 
year’s absence if possible. JI have not much doubt of his ability 
to do this. At any rate I shall remain another year.” But 
when 1877 arrived he was not yet ready to leave and he decided 
to remain a part, at least, of a third year. In 1878 he received 
the degree of doctor of philosophy from the University of Leipzig, 
and sailed for America in July of the same year, although he still 
wished ‘‘to remain a little longer in Deutschland, but the Fates 
say no!’’3 


3 Letter to Mr. Frost, July 6, 1878. 
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In 1878 he published his first scientific paper ‘‘ The Embryology 
of Clepsine’”’ in the Quarterly Journal of Microscopical Science, 
vol. 18, pp. 215-315. This was his doctor’s thesis; in many 
respects it was a very notable, indeed epoch-making work. It 
was the first time that the primordia of any ectodermal organs 
had been followed to individual cells, and that the cleavage process 
itself had been adequately interpreted as a process of ‘histoge- 
netic sundering.’ He laid emphasis on the existence of embryonic 
axes in the unsegmented egg, and anticipated to a considerable 
extent views that did not receive adequate recognition until 
the period of study of ‘cell-lineage’ began about fifteen years later. 

On his return to America he was appointed Junior Master, first 
grade, of the English High School in Boston, teaching English, 
and resigned in 1879. It is evident that now for the first time, 
at the age of nearly thirty-seven, he had irrevocably decided to 
devote himself entirely to zoology, for by his resignation he burned 
his bridges behind him. He received an appointment as fellow 
in biology in Johns Hopkins University for 1879-80, but he did 
not enter on the fellowship, haviny in the meantime accepted the 
chair of zoology in the University of Tokyo. He sailed for Yoko- 
hama, August 21, 1879. On the voyage he made observations 
on the flight of flying fish which he described in the American 
Naturalist, vol. 14, 1880, maintaining that their course through 
the air is actual flight. 


WHITMAN IN TOKYO 


With his appointment to the University of Tokyo in 1879, 
begins Whitman’s real influence as a teacher and organizer in 
zoology. He was then nearly thirty-seven years of age and had 
passed through a most varied preparation for his life-work. He 
had pushed on without haste but without rest, always carrying 
with him his original and vital interest in living things since he 
first studied pigeons as a boy, in spite of the necessity of earning 
a livelihood by teaching school. He thus came to his chosen 
life work in full maturity with a mind broadened by varied expe- 
riences, yet with actual boyish enthusiasm and interest, that 
never left him throughout life. 
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The work in zoology in the Imperial University of Tokyo was 
first organized by Professor E. 8S. Morse, who was invited from 
abroad in 1877.4. He remained there two years and was succeeded 
in 1879 by Professor Whitman. Professor Iwakawa states that 
Professor Huxley was first invited by Professor Morse to accept 
the chair as his successor. Professor Huxley wrote that for years 
he had been desirous of studying biology in oriental countries 
and that the present call from Tokyo was the best chance he could 
ever have; however, he regretted that the declining condition of 
his health would not allow him to accept. Professor Morse 
states in a letter that while instructor at Penikese he had known 
Whitman and was much impressed by the beauty and accuracy 
of his work; his experience as teacher in Boston was also a recom- 
mendation; so Professor Morse secured Whitman’s call to the 
chair of zoology in Tokyo and it was accepted. Professor Whit- 
man remained in Japan for two years until 1881. He had only 
four students, but as all became professors of zoology in the Im- 
perial University he may be ««stly regarded (as Dr. Takahashi 
states) as the father of zoology in Japan. Professor Iwakawa 
says that Professor Whitman’s teaching really laid the foundation 
of modern zoology in Japan. 

It is impossible to reproduce the tone of affection and reverence 
in which these reminiscences are written by two of his original 
pupils, Iwakawa and Ishikawa, and a later student during the 
Chicago period, Takahashi. Professor Iwakawa says, ‘“‘Once he 
was my teacher while he was in Japan and since then until today 
I have been paying respects and admiration both for his character 
and for his work in biology.’”’ ‘‘I am constrained by what I 
regard as a duty to him to let others get a glimpse of what I 
knew him to be while he was with us in Tokyo’’—and the whole 
tenor of his reminiscences is one of affectionate admiration and 
devotion. ‘Professor Whitman’s attitude of mind toward his 

‘In the Magazine of Zoology, published by the Zoological Society of Japan, 
Tokyo, vol. 23, no. 269, March 15, 1911, there appear three articles on Professor 
Whitman, the first by Professor Tomotaro Iwakawa, the second by Professor 
Chiyomatsu Ishikawa, and the third by Dr. Katashi Takahashi. For the trans- 


lation of these articles I am indebted to Dr. Shigeo Yamanouchi. They form the 
basis of the following account. 


Charles Otis Whitman = 
1882 


From Lapham’s History of Woodstock, Maine. 
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pupils was such as a mother toward her son.”’ Professor Ishikawa 
writes in a similar spirit throughout. He says, ‘“‘On receiving 
the tidings of Professor Whitman’s death I am very much sur- 
prised and bitterly mourned.”’ ‘‘I mourned bitterly in the recol- 
lection that those delightful days we had together shall never 
again be realized, but have now become a memory.”’ ‘‘The work 
he has done during his life still remains and will be remembered 
forever.”’ Takashahi says, ‘‘As he was the teacher of our pro- 
fessors, he will be justly regarded as our father of zoology in Japan. 
I feel as if I had lost my grandfather because of his being the 
teacher of our professors and because of his cherished kindness 
shown to me as a father might have shown to his son during my 
stay in his laboratory in the University of Chicago.” 

The following incident, as related by Professor Iwakawa and 
translated by a Japanese friend, is worth quoting: 


For the purpose of making bird specimens for the museum, the Uni- 
versity secured two government licenses in hunting seasons and the 
licenses were handed to the Zoological Department for the use of the 
students. 

To make the specimens was one of purposes of hunting and the 
other end seemed to eat flesh of birds. One Saturday, a number of 
pigeons was brought to our laboratory and the next day being Sunday, 
some of us came to the laboratory to have the share of feast. Dr. 
Iijima dissected the birds. <A fire shovel was cleansed and put lard on 
and then flesh; then put into the stove to fry. Salt, sauce, knife and 
fork were ready and the party waited to have the flesh cooked. Dr. 
Sasaki had belatedly come. Being he was an hearty eater, the party 
who were already there refused to add him into the company and so all 
went to Dr. Whitman’s office and locked the door from inside so that he 
could not get in. Unexpectedly Dr. Whitman came, in spite of that 
the day was Sunday. He put his slippers on as usual and tried to get 
in his office by the door he used to enter. To his surprise the door was 
locked. He came over to our laboratory and there Dr. Sasaki sat alone. 
Professor Whitman tried to open the door that leads to his office from 
our laboratory. Again to his surprise the door was also locked. Dr. 
Sasaki being left very much uneasy, called out, ‘Professor Whitman 
has come!’ The party inside the door, including Dr. Iijima, believing 
that Professor Whitman would never come on Sunday and that the 
warning might be Dr. Sasaki’s stratagem to induce the party to open 
the door, took the alarm easy and were chattering over quite noisily. 
Then there was heard a voice from outside, ‘Who are in the room?’ 
Evidently that was Whitman’s. Frightened all at once the party fled 
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to a court from the door which leads to the corridor. The party now in 
the court, sent a spy to look after what Professor Whitman was doing 
and assured that he, taking a few things, has gone home. As the coast 
was clear, the party returned to the laboratory. Dr. Sasaki who had 
been left alone in the laboratory, had already helped himself alone with 
the fried birds that were left in the stove, and was sitting quite satis- 
fied. He spoke smilingly to the party, when they entered in. ‘I was 
very much embarrassed indeed! The handle of the shovel was peeping 
outside the mouth of the stove. Fried birds were making cooking noise 
inside and a tempting odor was ejecting from within. But our teacher 
had not asked a bit. Simply he said, ‘who are that ran out of the room?’ 
So I answered, ‘I do not know.’ ‘At any event I thank you for your 
kind feast.’ Dr Iijima seemed very much disappointed; as yet the case 
being as such that Dr. Sasaki only cannot be blamed at, and he spoke 
to Dr. Sasaki, ‘You lucky fellow.’ The following day we were in a con- 
stant concern and reluctantly expected some sort of punishment on our 
conduct of the previous day. On the contrary Professor Whitman 
didn’t even ask a word about what thus happened the previous day. 
Professor’s Whitman’s attitude of mind toward his pupils was such as 
mother toward her son. 


There were but two rooms devoted to the department of zool- 
ogy in the Imperial University in Whitman’s day; literature and 
apparatus were very scanty and Whitman first introduced modern 
laboratory equipment and methods in microscopical technique. 
His four students were Ishikawa in the first year class, lijima and 
Iwakawa in the second year, and Sasaki in the third year. There 
was an assistant, a janitor and two artists, all of whom were kept 
busy collecting and drawing leeches. It was characteristic of 
Whitman that he should set each of his four students to work on 
a special problem for research, even Ishikawa in his first year of 
zoology. 

Hard work was the order of the day in Whitman’s laboratory; 
he set the example himself, and the students, who lived in a 
dormitory near by, often worked until midnight. Twice a day 
Whitman consulted with each student about his work. In the 
absence of a University biological library Whitman placed his 
own journals and books at the disposal of the students and aided 
them in translating German and French. He kept each man 
close to the study of his individual problem and deplored the wast- 
ing of time spent on ‘other subjects. From time to time he 
delivered lectures on special topics and as a general course he 
expounded Spencer’s Principles of Biology. 
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At the end of two years each of the four students had a paper 
ready for publication and Professor Whitman presented them to 
the Journal of the College of Science of the Imperial University 
for publication; the officials in charge of the journal replied that, 
as the journal was organized for the purpose of publishing the 
researches of professors, any theses of students worth publishing 
should be published under the name of the professor. This 
aroused Professor Whitman’s indignation, and he withdrew the 
papers, remarking that he would never again present papers to 
the University for publication. He then sent three of them to 
the Quarterly Journal of Microscopical Science where they were 
published. Sasaki’s paper on Salamander was published after 
Whitman’s departure in the Journal of the Science College. 

This incident seems to have been the beginning of an estrange- 
ment between Whitman and the administration of the University, 
which was aggravated by the inability or unwillingness of the 
administration to accede to many of his requests for more ade- 
quate equipment for the department. The period of his appoint- 
ment having come to an end in 1881, the University requested 
him to remain, but the proposal was refused and in August, 1881, 
he left Japan without bidding formal farewell to the University. 
He published a short brochure entitled ‘“‘ Zoology in the University 
of Tokyo” shortly before he left, but that he had no intention of 
wantonly hurting Japanese susceptibilities is evident, as Professor 
Ishikawa states, from a thorough study of it. He had made a 
close study of the Japanese and he discovered and pointed out 
their most obvious weak points in an honest and essentially 
friendly fashion. ‘‘Professor Whitman loved Japan and sym- 
pathized with the Japanese. That his love and sympathy 
poured forth to the Japanese in a degree far surpassing any ever 
shown to us was marvelously evidenced at the time of the Russo- 
Japanese War” (Ishikawa). Indeed, those of us who were with 
Whitman at this time knew that he could not have suffered 
more keenly in the misfortunes or rejoiced more in the triumphs 
of his own country. This was fully realized by the Japanese 
people and the slight unpleasantness of his departure was soon 
forgiven. 
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IN EUROPE 


Professor Whitman left Japan in Avgust, 1881, and from Novem- 
ber 11, 1881, to May 2, 1882, he worked at the Zoological Station 
of Naples as guest of Professor Dohrn. His sojourn in the Zoolog- 
ical Station laid the foundation of an everlasting friendship with 
Dohrn, and, when he left, Professor Dohrn gave him a testimonial 
recommending him strongly to some professorship. While at 
Naples Whitman studied the embryology, life-history, and classi- 
fication of Dicyemids and wrote a paper on the subject, published 
in January, 18938, which is still the standard work of reference. 

Whitman had thus come under the influence of three of the 
great leaders of his time in zoology, Agassiz, Leuckart and Dohrn. 
His original bent in the direction of the natural history of birds 
was diverted by these experiences towards the study of marine 
life and lower organisms, but later on he returned to his original 
interests in birds, particularly pigeons, with a mind deepened by 
intimate acquaintance with the fundamental problems of biology. 

After leaving Naples he went to Leipzig where he remained until 
the middle of September, engaged among other things in pre- 
paring his Naples work for publication. On September 1, 1882, 
he wrote to Mr. Frost: ‘‘I leave for America on the 15th of 
September and shall go to Leonard’s (Newton Highlands) and 
shall hope to see you somehow or somewhere. I have not yet 
decided where to spend next winter. There is some possibility 
of my going to Johns Hopkins—though nothing definite yet. 
Have just finished manuscript of work done in Naples, and a 
portion is already in print.” 


AT HARVARD 


In the autumn of 1882 he was appointed Assistant in Zoology 
at the Museum of Comparative Zoology of Harvard University, 
and held this position until 1886. In the spring of 1883 he went 
to Key West, Florida, to secure for Mr. Alexander Agassiz material 
with which to complete Mr. Agassiz’s monograph on ‘‘The Por- 
pitidae and Velellidae.’”’ Though he spent six weeks there he did 
not meet with success. In the summer of 1883 he worked at 
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Mr. Agassiz’s Newport Laboratory on the development of pelagic 
fish eggs. Some of the results, worked up later in Cambridge, 
were published with Mr. Agassiz in two papers (1884 and 1889). 
In the first paper the origin of the periblast was correctly described 
for the first time, a most important contribution in view of the 
confusion of opinions on this subject. During this summer he 
met his future wife, Miss Emily Nunn, who was also working 
at Mr. Agassiz’s laboratory. 

The years 1883-1886 were productive years; during part of 
this time Whitman edited the department of ‘‘ Microscopy” of 
the American Naturalist. He worked out and published his 
papers on ‘‘A Rare Form of the Blastoderm of the Chick” (’83), 
‘‘External Morphology of the Leech’”’ (’84), ‘‘On the Develop- 
ment of Some Pelagic Fish Eggs’’ (’84), ‘‘Segmental Sense-Organs 
of the Leech” (’84), ‘‘The Leeches of Japan’”’ (’86), ‘‘The Germ- 
Layers of Clepsine’”’ (’86), and some minor papers. He also 
prepared and published his book on ‘‘ Methods of Research in 
Microscopical Anatomy and Embryology” (’85) (see Bibliog- 


raphy). 


THE LAKE LABORATORY AND THE FOUNDING OF THE JOURNAL OF 
MORPHOLOGY 

From 1886 to 1889 Whitman acted as director of the Lake 
Laboratory at Milwaukee, Wisconsin,®> founded by Edward 
Phelps Allis, Jr. Mr. Allis had decided to start a laboratory for 
biological and related research and Whitman was recommended 
to him as a proper person to take charge. There followed a con- 
ference in which the plans and purposes of the laboratory were 
discussed, and Whitman then presented the need of an American 
journal for publication of zoological research, pointing out that 
American workers were obliged either to present their papers to 
some scientific society or to send them for publication to some one 
of several European journals. Whitman then asked Mr. Allis 
if he would consider the publication of such a journal, in con- 
nection with the laboratory. He was asked to submit figures and 


> T am indebted to Mr. Allis for some of the information on which the following 
statements are based. 


XXV1 CHARLES OTIS WHITMAN 


plans, and it was finally arranged that he should come to Mil- 
waukee, take charge of the laboratory, to be known as the Lake 
Laboratory, ‘and also edit with the cooperation of Mr. Allis, a 
journal to be called the Journal of Morphology. The journal 
was to be a model of publications of the kind. 

Whitman may not have been the first to realize the need of 
establishing a journal of zoological and anatomical science in 
America, but he was the first to possess sufficient courage, energy 
and influence to set about realizing the need. He was fortunate 
indeed to find a man of scientific attainments and enthusiasm 
with an ample and liberal purse to support him in this under- 
taking. In the introduction to the Journal Whitman wrote, 
“The mixed character and scattered sources of our publications 
are twin evils that have become intolerable both at home and 
abroad. The establishment of the Journal of Morphology may 
not be the death blow to these evils; but there is hope that it will, 
at least, relieve the more embarrassing difficulties of the present 
situation.”’ 

In its make-up both scientific and typographical, the Journal 
of Morphology was a model of what a research publication should 
be, and it did much to coordinate zoological research in America, 
to give it a worthy setting, and to make it better known abroad. 
Eighteen volumes were published between 1887 and 1903, always 
at considerable financial loss, and its publication was then sus- 
pended for a while in spite of Whitman’s efforts to secure the 
needed support. The American Journal of Anatomy and The 
Journal of Experimental Zoology, begun in the period of suspen- 
sion of the Journal of Morphology, did not, however, suffice 
for the growing needs of zoological and anatomical science, and 
the Journal of Morphology was taken up again by The Wistar 
Institute of Anatomy and Biology in Philadelphia, in 1908, and 
its publication has continued ever since. As Professor Mall 
says, ‘‘The Journal of Morphology served as a model for many of 
our scientific journals, both biological and medical, which have 
come into existence during the past twenty-one years. The im- 
portance of sound scientific journals to anatomical and zoological 
science is now clear to all, and both anatomists and zoologists 
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owe to Professor Whitman a debt of gratitude for having been the 
pioneer in this field”? (Anatomical Record, vol. 2, 1908, p. 381). 

In 1898, realizing the need of some means for more rapid publi- 
cation than was afforded by the Journal of Morphology, Whitman 
started the Zoological Bulletin with the cooperation of W. M. 
Wheeler. The idea was to afford means for the rapid publication 
of shorter articles and preliminary notices dealing with investi- 
gations in zoology which required only simple illustrations. The 
Bulletin was therefore published monthly. It was intended to 
be a companion serial to the Journal of Morphology. After the 
publication of two volumes the name was changed to the Bio- 
logical Bulletin and it was transferred to the Marine Biological 
Laboratory as its official publication. 

At the Lake Laboratory Whitman was associated with Edward 
Phelps Allis, the founder, Howard Ayers, William Patten, A. C. 
Eycleshymer, and some others. The work of the laboratory was 
research work in morphology, especially embryology. Whitman 
himself began investigations on Amia and Necturus, but though 
he carried some of this work quite far, but little of it was ever 
published. His scientific activity during this time may be in- 
ferred from the list of publications covering the period 1886 to 
1889. 

AT CLARK UNIVERSITY: 1889-1892 

In 1889 Whitman accepted a call to the chair of zoology in the 
newly founded Clark University of Worcester, Massachusetts. 
Professor G. Stanley Hall of Johns Hopkins University had sought 
to establish with the aid of Jonas Clark of Worcester, astrictly grad- 
uate and research institution, which should accomplish all that the 
Johns Hopkins University had set out to do in elevating the stand- 
ard of scholarship in America, but without the hindrance of under- 
graduate instruction. Whitman met there with thoroughly con- 
genial conditions and associates. President Hall had assembled 
a small but remarkable group of scientific men, all animated by 
the same high ideals of scholarship. They were unencumbered 
with undergraduate instruction, provided with fairly adequate 
means for research, and they seemed destined to realize the fine 
aim that President Hall had set before them. 
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Whitman’s teaching career, interrupted since he left Tokyo 
eight years before, was now resumed, and continued to the time 
of his death. A small body of research students was attracted 
to him, who carried on their work in Worcester during the aca- 
demic year and at the Marine Biological Laboratory in Woods 
Hole during the summer. Whitman’s laboratory was a paradise 
to the properly qualified research worker. There was practically 
no set instruction and the student’s liberty was complete in all 
respects, but a spirit of hard work and complete absorption in 
the fundamental problems of biology prevailed. The problems 
of biology were the true topics of the day and, when the zoologi- 
cal club met, such subjects as Darwinism and Lamarckism were 
discussed with a fire and enthusiasm comparable to the most 
intense political or religious controversies. The main business 
of each student was his research problem, a secondary business 
was the preparation of some subject set for presentation at the 
zoological club, and the animated discussion of fundamental 
problems of biology prevented too much narrowness. Students 
read much and thought much because they had both time and 
inclination, and were not subject to trivial academic demands. 

Whitman had a great respect for the intellectual independence 
of his students. He set them worthy problems but left the work- 
ing out to the student; he was at the same time their severest and 
most friendly critic. He maintained their courage through 
difficulties, rejoiced with them in their discoveries, and always 
acknowledged their complete ownership in their results. He 
required convincing proof of each statement, and one could feel 
sure that whatever passed him would stand. He was completely 
loyal to them in all relations, and it is characteristic that the main 
event which finally induced him to resign and move to Chicago 
was an act of the administration which he regarded as an injustice 
to one of his students. He was not alone in his displeasure with 
the administration, though the causes were various and the de- 
partments of physics and chemistry, zoology, anatomy, neurology, 
and palaeontology of the new University of Chicago were organ-— 
ized by seceders from Clark University in 1892. 
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PROFESSOR WHITMAN AND THE MARINE BIOLOGICAL LABORATORY 


The organization of the Marine Biological Laboratory was a 
response to the same demand that established and maintained 
a marine laboratory on the island of Penikese in 1873 and 1874. 
In his address at the opening of the Marine Biological Laboratory 
Professor Whitman said: 


The Annisquam Laboratory, the immediate predecessor of this, was 
organized to serve the same ends as the Penikese School, and the forces 
there engaged have simply been supplemented and transferred to the 
new Marine Biological Laboratory of Woods Hole, with such changes 
only as circumstances have rendered necessary. It was through the 
generous support and active cooperation of the Woman’s Education. 
Association of, Boston that Professor Hyatt was able to maintain the 
Laboratory at Annisquam, and the same Association initiated and car- 
ried through the movement that has given us this Laboratory. 


In 1886 efforts were made by the Association to place the Annis- 
quam Laboratory on an independent and broader foundation. 
A circular letter sent to many of the leading biologists of the 
country received encouraging replies and accordingly a prelim- 
inary meeting was held on March 5, 1887, in the library of the 
Boston Society of Natural History. A committee was there 
organized. to perfect plans for the organization of a permanent 
sea-side laboratory, to elect trustees and to devise ways and means 
for collecting the necessary funds. The committee met with 
sufficient success for a modest beginning and accordingly in March, 
1888, the Marine Biological Laboratory was formally incorpor- 
ated with ten members. Seven trustees were chosen at a meeting 
of the Corporation held the same month. In June, 1888, the 
Trustees issued a circular in which they announced the policy 
of the Laboratory to support instruction as well as research, 
and invited the cooperation of the universities and colleges of 
the country. Professor Whitman’s appointment as director of 
the Laboratory was also announced in this circular. 

This brief account of some facts in the early history of the 
Marine Biological Laboratory may suffice to show the origin of 
Professor Whitman’s connection with the institution. He found 
a local organization that planned to become national in scope, 
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to enlist the cooperation of colleges and universities throughout 
the country and.to provide for research and instruction in biology. 
The location of the Laboratory was also fixed and the first build- 
ing erected at Woods Hole. Although the incorporators were all 
residents of Boston, yet they had provided for a national organ- 
ization by offering each institution invited to cooperate the privi- 
lege of naming five members each of the Corporation during the 
term of cooperation. Apparently, Professor Whitman had noth- 
ing to do with the original statement of these principles, but 
after his appointment as director, at least, he became their chief 
exponent and developed them to a much greater extent than the 
original incorporators had intended, so that the Corporation soon 
came to have a large and nation-wide membership, and the Board 
of Trustees was enlarged to include 12 members in 1890, 17 in 
1892, and 21 in 1895. The membership of the Corporation grew 
by leaps and bounds, and rapidly became representative of the 
entire country, as the practice was followed for some years of 
inviting all who worked at the Laboratory to become members. 
The attendance at the Laboratory was 17 in 1888, 44 in 1889, 
47 in 1890, 71 in 1891, 110 in 1892, 199 in 1895; and the number 
of institutions represented was 13 in 1888, 29 in 1889, 32 in 1890, 
31 in 1891, 52 in 1892 and 85 in 1895. 

The early years of the Laboratory were years of great pros- 
perity; to accommodate the growing tide of workers an L was 
added to the original building in 1890; in 1892 a building equal to 
the original Laboratory in size was added to form the third side 
of a quadrangle, and two separate buildings, one for botany and 
another for a lecture hall and research rooms were added by 1896. 

Whitman’s part during this period of rapid material develop- 
ment was to furnish the spirit and develop the ideals of the 
institution. It is obvious that the idea of cooperation had a pri- 
mary practical significance in the minds of the original trustees, 
to secure support for the new institution. Though he did not 
lose sight of its practical significance, the idea of cooperation was 
transformed by Whitman into an ideal of a scientific democracy, 
which furnished a motive for loyalty and devotion such as rarely, 
if ever, existed in a scientific enterprise, so that the development 
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of the Laboratory became a kind of cult to a large and influential 
body of naturalists. Whitman not only awakened this spirit, 
which was compounded of devotion to himself as well as to the 
ideal which he represented, but he kept it alive, and more than 
once, by refusing to compromise any fraction of the fundamental 
idea for immediate practical advantage, he saved the principle 
from extinction. That the Laboratory today is still ascientific 
democracy is due entirely to Whitman’s uncompromising devo- 
tion. 

In his first report Professor Whitman states, ‘“The new Lab- 
oratory at Woods Holl is nothing more, and, I trust, nothing 
less, than a first step towards the establishment of an ideal bio- 
logical station, organized on a basis broad enough to represent 
all important features of the several types of laboratories hitherto 
known in Europe and America.’”’ Thus he formed great plans for 
the germinal institution. He early maintained that in such an 
ideal biological station it was essential that all biological interests 
should be represented, and accordingly successively added depart- 
ments of botany, physiology and embryology to the original 
zoology, each with its side of research as well as instruction. But 
the variety of work that has been welcomed at Woods Hole can- 
not be included even within these broad divisions. Professor 
Whitman had most catholic interests in biology and it is remark- 
able in what fundamental ways he comprehended the problems 
of each division. The association of workers in different fields 
of biology has been one of the most helpful and stimulating fea- 
tures of the Station. 

The Marine Biological Laboratory was designed for instruction 
as well asresearch. The original circular opens with these words: 
“The Trustees of the Marine Biological Laboratory earnestly 
desire to enlist your cooperation in the support of a sea-side lab- 
oratory for instruction and investigation in biology.’”’ Instruc- 
tion was in fact placed first, not only in the opening sentence but 
throughout the circular. However, the Laboratory started out 
at once under Whitman as primarily a research institution, and 
in his address at the opening of the Laboratory, July 17, 1888, 
he said: 
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In every attempt hitherto made to combine the two chief interests 
here represented, instruction has been the object of first concern. Now 
the only way to keep the distributive function efficient and active is to 
unite it in proper relations with the productive function. The Labor- 
atory (i.e., the side of investigation) is the creative agent—the source of 
all supplies; the school is merely the receiver and distributor. Any 
attempt to combine the two which ignores or reverses these relations 
must end in disappointment and failure. 


In the fifth annual report Professor Whitman states: 


The two functions of instruction and investigation have worked ad- 
mirably together, each growing stronger in the success of the other. 
We have endeavored to keep the two properly balanced, but I think 
we have nearly reached the limit of our capacity for instruction with 
our present space and means. We already see that to tax our teaching 
foree much more would not tend to improve the side of investigation. 


In the eighth annual report for the year 1895 Professor Whitman 
again returns to this theme: 


Our instruction and investigation have been inspired by a common 
purpose, and thus kept in such relations that each has added to the 
strength of the other, and added more and more with every stride for- 
ward. If instruction has increased, it is chiefly due to the stimulating 
influence of investigation; if investigation has gained, it is because in- 
struction has multiplied workers. Mutual service is the bond of union, 
but the union is not merely one of coordination, in which the two ele- 
ments are simply balanced one against the other; it is one of a more vital 
order, in which each isservantand only oneismaster. Allour classes face 
in one direction—towards original work—and all our activities, sympa- 
thies and interests are dominated by the spirit of research. Doesthat 
render our instruction less efficient? Just the contrary. It fills with 
life and purpose, makes students more earnest, dignifies the work of the 
teachers, and wins their best effort. Moreover, it re-enforces the service 
of the regular staff by contributions from every member of the investi- 
gating departments. 


Farther on: 


What does instruction mean for us? It means, not wholly, but pre- 
eminently, preparation for original work, and much of it is especially 
designed for the benefit of investigators, not beginners only, but for 
specialists who are independent workers. 

It will be plain, I trust, that we are not cultivating two antagonistic 
functions, between which we have to carefully guard the balance, lest 
one may prosper at the expense of the other. There can be no excess in 
either direction, for every gain, whether on one side or the other, is 
a gain not only for the part but also for the whole. 
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These extracts explain Whitman’s position with reference to 
the functions of instruction in a primarily research institution. 
His ideas seem to have been sound, if we may judge from the 
experience of twenty-three years, during which the two have 
existed side by side with mutual advantage. 

During the third session of the Laboratory Whitman organized 
the evening course of Biological Lectures which has proved ever 
since one of the stimulating features of the Laboratory life. In 
his report for this session Whitman outlines the idea as follows: 


These were not intended to take the place of systematic lectures, such 
as are given in the regular courses of instruction; they stand rather for 
the higher and the more general needs of the science. Their leading 
purpose, if I may be permitted to define it more with reference to the 
possibilities of its future development than to its present attainment, 
was to meet the rapidly growing need of cooperative union among special- 
ists. Specialization has now reached a point where such union appears 
to be an essential means of progress. Specialization is not science, but 
merely the method of science. For the sake of greater concentration 
of effort, we divide the labor; but this division of labor leads to inter- 
dependence among the laborers, and makes social coordination more and 
more essential. This is the law of progress throughout the social as 
well as the organic world. An organism travels towards its most per- 
fect state in proportion as its component cell-individuals reach the limit 
of specialization, and form a whole of mutually dependent parts. Sci- 
entific organization obeys the same law. As methods of investigation 
improve, specialization advances, and at the same time the mutual de- 
pendence of specialists increases. Isolation in work becomes more and 
more unendurable. Comparison of results, interchange of views and 
ideas, and a thousand other advantages of social contact, become of 
paramount importance to the highest development. 

In such considerations may be found the leading motive for this 
course of lectures. While directed in the main to the higher needs of 
investigators, they deal, as a rule, with subjects of present and quite 
general interest to beginners. In general, it may be said that the 
authors undertake to set forth what has been accomplished in their 
special fields of research, to give the conclusions of the best work and 
thought, to point out general bearings, and to state the problems that 
await solution. 

The educational value which such lectures may be presumed to have, 
and the consideration that through them the aims, the needs, and the 
possibilities of biological work might, in some measure, be made better 
known to the public, especially to those whose liberal benefactions have 
enabled the Laboratory to carry forward its work, suggested the propri- 
ety of publication. 
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At various times these lectures, which have sometimes taken 
on a spirit of some formality, have been supplemented by informal 
discussions following lectures delivered by investigators before 
classes, especially the class in embryology during the early years, 
and later in physiology; at other times research seminars have 
been formed for the distinct purpose of discussing and criticising 
work presented by the investigators; and at all times in the his- 
tory of the Laboratory free and informal discussion between 
investigators of their work in progress has been a characteristic 
feature in the laboratory life. In all this the steady and sane 
influence of Whitman was at work. All coveted discussions with 
Whitman; he had a most sympathetic interest in all work going 
on in the Laboratory, and deep insight into the fundamental 
problems. One frequently discovered after unburdening one’s 
self in response to his sympathetic attitude that he had thought 
out the problem in question more thoroughly. But his courteous 
and honest attitude always saved such a situation from being 
painful. He exercised in these ways a steadying influence on the 
investigations of others, for he was never hurried into following 
a mere fashion in research. 

The social life of the Laboratory in Whitman’s time was simple 
and sincere. He had a horror of all formality and met everybody 
on a plain and equal footing. His hospitality usually took the 
form of small dinners particularly well cooked and served, with 
not more than half a dozen guests usually. He was a most charm- 
ing host, gracious and self-effacing. The conversation usually 
turned on some scientific subject and he had the knack of making 
the others talk, and it was considered quite a triumph for the 
others to draw him out. He sustained relations with his stu- 
dents both at Woods Hole and elsewhere, that can only be de- 
scribed as fatherly. He often helped them financially, and stood 
by them with the greatest loyalty in securing positions. To the 
respect that all his students felt for his scholarship and ability 
was added the love and devotion that they owed to the best of 
friends. 

No account of Whitman’s relations to the Marine Biological 
Laboratory would be complete which failed to describe his con- 
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duct in various crises of the history of the institution. The essen- 
tial character of the man comes out better probably in its mingled 
elements than in any other known relations. But this account 
must necessarily be incomplete and partial to the extent that 
Whitman is the subject, and not the Laboratory. Up to about 
1895 the relations of the Director and trustees seem to have been 
on the whole cordial, in spite of minor difficulties. But the 
rapid growth of the Laboratory imposed financial burdens of no 
slight amount. In 1890 an ‘L’ was added to the original build- 
ing; in 1890 a new wing was built; in 1893-4 a new dining hall and 
kitchen were erected, and the present botanical laboratory. 
The expenses of these additions was met by numerous contribu- 
tions from friends and by a loan of $3,500 secured by a mortgage 
upon the property of the Laboratory, and an unsecured loan of 
$3,000 from one of the trustees. 

The Boston trustees themselves felt great satisfaction in the 
rapid growth of the Laboratory. In 1894 they could say: ‘‘The 
only serious perplexities of the last year have been the result of 
its rapid growth and prosperity;’ the Laboratory had in fact 
become self supporting so far as current expenses were concerned. 
‘It was important, however, to meet the outstanding loans for 
new buildings and the following appeal was issued: 


Reluctant as the trustees were to incur expenses which would make it 
necessary, in this time of financial stress, to ask help from the friends of 
the Laboratory, yet, in the opinion of many, to have checked the growth 
of the institution at this stage, by turning away desirable students and 
investigators, would have inflicted a permanent injury. We ask, then, 
from those whose conviction of the value of such a Laboratory has 
helped to bring it to its present condition of prosperity, still further aid 
in its future development (from the Trustees’ Report to the Corporation 
for the year 1894). 


But the enlargements, great as they had been, were still in- 
adequate to the growing demand. In proposing the further 
enlargement which Professor Whitman felt to be necessary to 
provide for the growth of the Laboratory, he was hampered by 
the reluctance of some, at least, of the trustees, to incur further 
indebtedness. A new building was needed of the size of the orig- 
inal laboratory to provide a lecture hall and more rooms for inves- 
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tigators at an estimated cost of $3,000. Professor Whitman 
organized the investigators of the Laboratory into a Biological 
Association to work for the needed building. This Association 
pledged $1,500 towards the cost of the new building, and the trus- 
tees finally agreed to secure anequal sum. The building was erected 
in 1896, and has been fully occupied ever since, thus justifying 
Whitman’s estimate of the needs of the Laboratory. But this 
plan left the debt for previous buildings still outstanding. ‘‘Sub- 
sequent events showed that Doctor Whitman raised the whole of 
the $3,000, besides the money needed for equipment, and the trus- 
tees did not as a body raise anything; although a few individuals 
who were supporters of Doctor Whitman and his policy raised a 


few hundred dollars’? (from ‘“‘A Reply to the Statement of the 


Former Trustees of the Marine Biological Laboratory,’ 1897, 
p. 8). 

While it is perhaps undesirable to revive old controversies, yet 
it seems needful in justice to Doctor Whitman, to state the issues 
of the years 1896-1897, with the dispassionateness which fourteen 
elapsed years should furnish. It was never true that a majority 
of the board of trustees lost confidence in, or were out of sympathy 
with Doctor Whitman; but a minority of the board, who neverthe- 
less constituted the governing element by virtue of their original 
membership and residence in Boston where all the meetings were 
held, were much displeased with him for not listening respect- 
fully enough to their motives of caution, and for his dominance 
in Laboratory affairs. The existence of a small deficit in the 
operating expenses of the year 1896 led them to declare that the 
Laboratory should not be opened in 1897, unless a sum of $2,000 
were raised not later than April 15. This sum was much in excess 
of the deficit and the vote was not taken until February 5, 1897. 
An offer on the part of one of the trustees, Mr. L. L. Nunn, to 
bear any added deficit resulting from operations of 1897, was re- 
fused. The trustees raised the sum of $1,140 by April 12, and 
the treasurer reported on May 5 that there was a balance in the 
treasury of $735.55; there was also about $670 accumulated 
interest in funds available for any purpose the trustees might 
approve. The deficit in the meantime had melted away. The 
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announcement of the 1897 session was therefore very late and the 
attendance suffered seriously in consequence of the rumor that 
had spread that the Laboratory would not be opened that year. 

A meeting of the board of trustees was held at Woods Hole 
on August 6, 1897, and at this meeting a majority of the members 
present, who were favorable to Whitman, voted to call a special 
meeting of the members of the Corporation to be held in Boston 
on August 16 for the purpose of considering changes in the by- 
laws. The purpose of the proposed changes was (1) to provide 
that the annual meeting of the Corporation should be held in 
Woods Hole instead of in Boston, and in August instead of Nov- 
ember, and to increase the quorum so as to secure a more repre- 
sentative attendance and avoid local control, and (2) to change 
the body of the trustees from a body practically self-perpetuating 
to an elective body, elected by the Corporation in four groups, one 
such group to be elected each year for a period of four years, and 
thus avoid the old practice of the simultaneous annual election 
of all members. 

At this meeting about eighty-seven members of the Corporation 
recorded their names with the clerk, and it was estimated that 
there were about twenty others present who did not do so. It 
was the largest and most representative meeting of the Corpora- 
tion ever held up to that time. The program as outlined was 
unanimously adopted. 

This amounted to no less than a revolution in the government 
of the Laboratory, and the action was promptly followed by the 
resignation of seven out of the nine members of the board of 
trustees resident in Boston and its vicinity. Six of these and one 
other trustee then drew up a statement which was primarily an 
attack on the Director, Professor Whitman, which they published 
in Science, October 8, 1897. To this statement a complete reply 
was made in the more dignified, but less permanent, form of a 
separate pamphlet by a committee of three of the trustees who 
stood by the Director (‘‘A Reply to the Statement of the Former 
Trustees of the Marine Biological Laboratory,” Boston, Alfred 
Mudge and Son, Printers, No. 24 Franklin Street, 1897.) This 
reply and the facts that two-thirds of the board of trustees stood 
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by Professor Whitman, that the places of the ‘former trustees’ 
were taken by well-known naturalists, and that the progress of 
the Laboratory was not seriously interrupted even by so serious 
a controversy, constitute a sufficient vindication for Whitman. 

This struggle was unfortunately necessary to establish the 
national, representative and democratic character of the institu- 
tion, a character that grows with the years and which commands 
the loyalty and devotion of the present members, both of the 
Corporation and of the board of trustees. 

Once again it was necessary for Whitman to take a firm stand 
to maintain the fundamental ideals of organization of the Labor- 
atory. ‘This was when the newly organized Carnegie Institution 
of Washington offered in 1902 to take the Laboratory as a depart- 
ment. This would have permanently solved the difficult prob- 
lem of maintenance, but Whitman was convinced that it would 
destroy the representative democratic character of the institu- 
tion, although every possible concession to the existing form of 
organization was generously offered by the Carnegie Institution. 
In this opinion he stood nearly alone, but none the less firmly, 
and it was his insistence that finally brought about a delay of the 
decision with an annual grant of $10,000 a year for a period of 
three years (1903-1905) from the Carnegie Institution in the 
form of a subscription to twenty work rooms. At the end of 
this period a very notable petition signed not only by all members 
of the laboratory, but also by a large number of representative 
naturalists, for the continuation of the temporary arrangement 
was not granted by the trustees of the Carnegie Institution, and 
the original proposal lapsed. The independence of the Labora- 
tory had been maintained, but it was apparently as far from a 
stable basis of financial support as ever. 

Following this, Whitman gradually withdrew from active par- 
ticipation in the management of the Laboratory, although he 
retained the title of Director until 1908. However, he no longer 
attended meetings, and was even absent from the Laboratory 
for two successive seasons, 1904 and 1905. The house which 
he had occupied at Woods Hole burned down in the winter of 1905- 
1906; and, fearing that this would make his return impossible 
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his friends raised a sum of $8,000 by subscription and the 
property was bought and the house restored and presented to 
Whitman. This very signal mark of love and appreciation on the 
part of his friends, indicating as it did so clearly their desire to 
remove every obstacle that prevented his presence among them, 
touched Whitman most deeply. He was present again at the 
Laboratory in the sessions of 1906 and 1907, but never again, 
except for a brief visit of two or three days in 1909. 

His gradually increasing engrossment in the study of heredity 
and evolution in pigeons may be assigned as the principal cause 
of his withdrawal from residence at the Laboratory. For many 
years he transferred his large collection of birds from Chicago to 
Woods Hole and back again each summer. He always suffered 
some losses of valuable birds, even when the railroad companies 
allowed him to take his birds as excess baggage and to attend to 
them en route. However, when this permission was refused 
and they had to come by express and might be delayed over an 
extra night, the losses became more serious. Indeed, the trans- 
fer became an intolerable burden, and he relinquished his charge 
of affairs at Woods Hole rather than curtail his own research, 
an eminently characteristic choice. 

In 1908 he tendered his resignation; his letter and the reply 
thereto follow: 


To the Trustees of the Marine Biological Laboratory, Woods Hole, 
Mass. 


Gentlemen: 

This year has brought the twenty-first birthday of the Marine Bio- 
logical Laboratory. For these many years you have continued to honor 
me with the directorship of the Laboratory. In late years I have so 
far drifted out of office and out of use that a formal resignation at this 
time can scarcely be more than an announcement of the fact accom- 
plished. The time has arrived, however, when a reorganization seems 
to be imperatively demanded, and as a prelude thereto, I must ask you 
to accept this note as a somewhat belated announcement of my resig- 
nation of the office of director. 

Let me take this opportunity to thank you one and all very heartily 
for the cordial support you have extended to me. 

Respectfully, 
C. O. WHITMAN. 
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August 13, 1908. 


The Corporation and Trustees of the Marine Biological Laboratory, 
in accepting the resignation of the Director, Professor C. O. Whitman, 
have ordered to be put upon their records and to be forwarded to Doctor 
Whitman the following minute: 

The Corporation and Trustees desire to express to the retiring Direc- 
tor their regret that he finds it necessary to withdraw from the active 
directorship of the laboratory, and their appreciation of the inestimable 
value of his services. Since the establishment of the Laboratory at 
Woods Hole twenty-one years ago, he has been continually its Direc- 
tor and he has to a very large extent guided its growth and development. 
He has stood for the principles of cooperation and independence which 
have made the laboratory unique in character and truly national in its 
reputation and influence. His high ideals and his generous apprecia- 
tion of the work of others have been an inspiration to the many biolo- 
gists, who, during these years, have attended the laboratory. 

The corporation and trustees desire that the retiring Director may 
continue to serve the laboratory as honorary director and trustee and 
that his presence at the laboratory may continue to be an inspiration 
in the future as in the past. 


Professor Whitman’s reply was as follows: 


To the Corporation and Trustees of the Marine Biological Laboratory, 
Woods Hole, Mass. 


Ladies and Gentlemen: Your action of August 13, in which you 
express a desire to have me serve the laboratory as ‘honorary director 
and trustee’ is in itself alone an all-sufficient reward for whatever services 
I have rendered as Director. Your goodwill is the all-important 
recompense, and no title that you could confer could add to the weight 
of your approbation. In fact, titles belittle the spirit. Let me have the 
latter without the former—without title or office of any kind. Please 
respect this wish and believe me, as ever, a sincere and devoted friend 
of the Laboratory. 

Respectfully and cordially, 


C. O. WHITMAN. 


The report of the trustees to the Corporation bearing on Pro- 
fessor Whitman’s resignation and on his services to the Laboratory 
expresses so well what many others feel that it is appropriate to 
quote it in large part: | 


Professor Whitman’s resignation as Director of the Marine Biological 
Laboratory, after twenty-one years of service in that: position, impres- 
sively recalls the inestimable value of his services in the establishment 
and development of this institution. If we have today one of the lead- 
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ing marine laboratories of the world, we owe it in large part to him. The 
interest of almost every member of this board of trustees and of the 
corporation was enlisted through his efforts, and the splendid influence 
which the Marine Biological Laboratory has had upon the development 
of biology in this country is traceable ultimately to him. 

His connection with the laboratory began at a time when it had neither 
permanent home, recognized standing, nor scientific ideals. Some of the 
leading biologists of this country felt that it could not compete as a 
research station with the U. 8. Fish Commission Station, backed as 
the latter was by the resources of the government, and that its chief 
field of usefulness must be as a summer school. Whitman thought 
otherwise, and by his real greatness as a scientist, his untiring energy 
and enthusiasm, his splendid ideals and his unfailing faith and courage 
he made it from the start the principal center in America for biological 
research. 

From start to finish his ideals for the laboratory were these: (1) A 
national center for research in every department of biology; (2) a lab- 
oratory founded upon the cooperation of individuals and institutions; 
(3) an organization independent in its government and free to follow its 
natural course of growth and development. For these ideals he has 
labored consistently and persistently year after year, sometimes with a 
disregard of present advantage, to be gained by the sacrifice of one or the 
. other of these ideals, which cost him friendships which he highly prized. 
At one particular crisis he wrote: ‘If I have made any enemies through 
unkindness or injustice, I am sincerely sorry for it; but if I have made any 
because I have stated my conviction on the question before us I can 
afford to part with all friends who are made enemies for such a cause.’ 
His faith in the ultimate achievement of these ideals was so great that 
he chose rather to sacrifice present good than, as he believed, the future 
welfare of the laboratory; and his plans for the laboratory were so great, 
while current resources were so small, that he was frequently charged 
with being impractical. But it is only fair and just to recognize how 
much was accomplished by adherence to these ideals and to what an 
extent the spirit and success of the laboratory are due to them. 

Woods Hole is indeed a national center for research in several branches, 
if not in every department, of biology. Whitman had the wisdom to 
see that biology could progress only as a whole. ‘The great charm of a 
biological station,’ he wrote, ‘must be the fullness with which it repre- 
sents the biological system. Its power and efficiency diminish in geo- 
metrical ratio with every source of light excluded.’ To zoology, which 
was the only subject represented at first, he added botany and physiology 
and he strove to make Woods Hole a center in each of these departments. 
He was one of the first to insist upon adequate provision for experimen- 
tal work. He was, we believe, the first in this country to plan and plead 
for a biological farm for the study of problems of heredity and evolu- 
tion. He desired to make Woods Hole a center for the comparative 
study of anatomy, pathology and psychology. Some of these lines of 
work have since been taken up and largely developed elsewhere, but if 
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Whitman could have had the necessary support in his plans they would 
have been centered at Woods Hole. This need of a national center of 
research in every department of biology is still before the laboratory 
as a living issue, and although this grand concept has so far failed of 
complete realization, who can say how much the laboratory owes to 
this catholicity of spirit of its director, how much biology as a whole 
owes to this splendid ideal? 

If the laboratory was to be truly national, Professor Whitman be- 
lieved that it must be founded upon the cooperation of individuals and 
institutions; no one man nor institution, however great, could accom- 
plish this purpose. He recognized that common ideals must form the 
basis of such cooperation, and he sought to bring into close connection 
with the laboratory every person and every institution that shared these 
ideals with himself. With these ideals, and by means of his own per- 
sonal charm and scientific abilities, Whitman secured the cooperation 
of many of the younger biologists of the country. There was thus de- 
veloped at Woods Hole a center for research work in biology which has 
had few equals in the history of the world. By his own work, as well | 
as by his appreciation of the really fundamental problems of biology, he 
has set a very high standard for the scientific work of the laboratory, 
and by his kindness, sincerity, and generosity he has called forth similar 
qualities in others, so that it has been characteristic of Woods Hole, 
as of few other laboratories at home or abroad, that a spirit of genuine 
cooperation and mutual helpfulness prevails. Who that experienced 
it can ever forget the inspiration and enthusiasm of those early years of 
the laboratory? Who of us can forget the cordial appreciation and 
generous encouragement which we received from Professor Whitman? 
Some of us feel that we there incurred a debt of gratitude to him which 
we can never fully repay. Since those early years other laboratories have 
arisen and other duties have drawn men away from Woods Hole, but 
the Marine Biological Laboratory never loses its charm for those who 
have worked there, and this charm will continue as long as the spirit 
of cooperation, which Whitman instilled into it, prevails. 

Finally, Professor Whitman stood for the complete autonomy ofthe 
laboratory. Although aid might have been had more than once from 
universities and institutions by surrendering the independence of the 
laboratory, he steadfastly and consistently refused to do this, even 
though in doing so he had to face the opposition of almost all the mem- 
bers of the board of trustees and the corporation. There is still a dif- 
ference of opinion as to the expediency of this stand, but there is prob- 
ably no question as to the desirability of the autonomy. If the labor- 
atory can obtain endowments such as to provide for its present and 
future needs and to insure its independence we shall all greatly rejoice, 
but whether it shall succeed in this aim or not, we are probably all 
agreed that this much at least of Professor Whitman’s ideal must be 
maintained, viz: that the laboratory must be left free to grow and develop 
as its own needs and the interests of science demand. 
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These are the ideals which Professor Whitman succeeded in making 
part and parcel of the Marine Biological Laboratory and which we count 
among our most valuable possessions. To those who measure the suc- 
cess of an institution by the size of its buildings or endowments, his 
efforts at Woods Hole may seem in large part to have failed, but those 
who realize that ideals are the motive forces of the world, that life con- 
sists not in abundance of possessions but in abundance of service, that 
science is not paraphernalia but knowledge—these will not fail to recog- 
nize the great value of the work Professor Whitman has done for the 
Marine Biological Laboratory and for the whole science of biology. 


To these words of appreciation there is but little to add. It 
may be that the Marine Biological Laboratory is Whitman’s 
most enduring monument, as it was his chief work of organiza- 
tion. But the principles will endure eternally, whatever the life 
of the particular expression they have been given in the Labor- 
atory, and the fact that Whitman was the chief champion of these 
ideals and that he gave them visible and effective expression is 
one of his chief claims to affectionate and reverent remembrance. 


THE AMERICAN MORPHOLOGICAL SOCIETY 


Professor Whitman was the leader in the three most important 
organizations for the advance of zoology in America during the 
time of his active life: in 1887 he founded the Journal of Mor- 
phology, in 1888 he became director of the Marine Biological 
Laboratory, and in 1890 he took the leading part in the founda- 
tion of the American Morphological Society. <A circular was 
sent out October 16, 1890, calling on those interested to unite 
in the formation of an Association of Morphologists ‘‘in connec- 
tion and affiliation with the American Society of Naturalists,” 
which shall hold stated meetings during the Christmas vacation, 
at which special and general morphological problems may be 
brought forward and discussed. Attention was directed in the 
circular to the scientific isolation of zoologists in America, and 
the advantages of their cooperation in such a society. The com- 
mittee signing this call consisted of C. O. Whitman (chairman), 
Henry F. Osborn, E. B. Wilson, E. G. Gardiner, and J. Playfair 
MeMurrich. The first meeting was held in Boston, December 
29, 1890. Dr. E. B. Wilson was elected chairman for the meet- 
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ing. Whitman was then elected president for the next meeting, 
and was re-elected during. the following three meetings. In 
1902 the name of the society was changed to ‘‘The American 
Society of Zoologists’” and it is still our dominant zoological 
society. 

AT THE UNIVERSITY OF CHICAGO 


We have departed from the chronological order of events in 
thus sketching Whitman’s various activities. In 1892 Whitman 
moved from Clark University to the University of Chicago, 
taking with him the major part of his department and all his 
students. Professors Mall, Donaldson and Baur also came at 
the same time from Clark University to the University of Chicago 
and took part with others in the formation of a department of 
biology of which Whitman was head. After the first year, 
however, the department was broken up into separate depart- 
ments of zoology, anatomy, neurology, physiology and palaeon- 
tology. Concerning this event Professor Mall says (The Resig- 
nation of Professor Whitman as Director of the Marine Biological 
Laboratory at Woods Hole, Mass., Anat. Record, vol. 2, no. 8, 
November, 1908). 


When the University of Chicago was founded in 1893, Professor Whit- 
man was made head of the biological department, which in its organiza- 
tion was unusually strong on the anatomical side. It was planned at 
the beginning to divide the department as soon as circumstances would 
warrant, and with the very rapid growth of the University this took 
place within a year. Then the anatomical department was established 
coordinate with those of zoology and botany. This proved to be the 
most important step in the organization of anatomical departments in 
America, and for it we are largely indebted to Professor Whitman. 


Whitman was in fact mainly responsible for the unusually 
comprehensive organization of the biological departments in the 
University of Chicago, and for their establishment in a single 
group of buildings, thus rendering possible a degree of mutual 
support and cooperation among the biological sciences, the full 
possibilities of which have not been realized even in Chicago up 
to this day. Whitman thus carried out in Chicago as far as 
possible the same form of organization that he planned for Woods 
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Hole, involving the representation of every branch of biological 
knowledge, so as to bring the combined forces to bear on the 
fundamental problems of biology. It was possible in Chicago to 
proceed along such ideal lines, for the institution was unhampered 
by history or tradition or by fixed location of departments estab- 
lished in remote neighborhoods. 

The department of zoology under Whitman was primarily a 
research department and the members of his staff were selected 
primarily for their standing as investigators. Whitman, him- 
self, taught graduate students exclusively, for the most part 
candidates for the doctor’s degree. He lectured but once a week 
and not always regularly; but each lecture was a finished essay, 
and in a way, a piece of original work. He never attempted to 
present what students could find in books. He consulted about 
once a week with each student on his research problem, and was 
a very rigorous and strict critic, but he tended more and more as 
time went on to let each student work out his own salvation. It 
often became necessary for the student to seek him at his house 
for consultation about his work, but such a consultation was 
always well worth while, as Whitman would leave his own work 
and play the part of host most delightfully, as well as that of 
teacher. 

The details of departmental administration were very irksome 
to Whitman, but on the fundamental principles of administra- 
tion of the department he was firm as a rock and quite uncom- 
promising. Even trifling details would often seem to him con- 
trary to correct ideals, and then the matters of administration 
loomed large and were rigorously decided. : 

Whitman’s students who took the degree of Doctor of Philos- 
ophy under his instruction, with their present academic standing, 
were the following: 


1. At Clark University: 


HERMON Carey Bumpvus, Business Manager, University of Wisconsin. 

Wiuu1am Morton WHEELER, Professor of Entomology, Bussey Institution, 
Harvard University. 

EpwIn Oakes JorDAN, Professor of Bacteriology, University of Chicago. 
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2. At the University of Chicago: 


HERBERT ParuIN JoHNSON, Associate Professor of Bacteriology, Medical De- 
partment of St. Louis University. 

Frank Rattray Livuiz, Chairman of the Department of Zoology, and Profes- 
sor of Embryology, University of Chicago; Director, Marine Biological Laboratory. 

ALBERT CHAUNCEY EYcLESHYMER, Professor of Anatomy, Director of Anatomi- 
cal Department, St. Louis University. 

WixLu1AM ALBERT Locy, Professor of Zoology, Northwestern University. 

Howarp STEDMAN Bropgs, Professor of Biology, Whitman College, Walla Walla, 
Washington. 

CorNELIA Marta Craprp, Professor of Zoology, Mount Holyoke College. 

Aanes Mary Ciaypo.e (Mrs. Robert O. Moody). 

ALBERT Davis Mean, Professor of Comparative Anatomy, Brown University, 
Providence, R. I. 

CHARLES LAWRENCE BrisTou, Professor of Zoology, New York University. 

SaMuEL J. Houtmss, Assistant Professor of Zoology, University of Wisconsin. 

Joun P. Munson, Normal School, Ellensburg, Wash. 

Emiry Ray Gregory, Professor of Biology, College for Women, Constantinople, 
Turkey. 

Aaron Louis TREADWELL, Professor of Biology, Vassar College. 

MicHarL FREDERICK GuyeER, Professor of Zoology, University of Wisconsin. 

Exiiot Rowianp Downina, School of Education, University of Chicago. 

WILHELMINA ENTEMANN Key, Lombard College, Galesburg, IIl. 

RawurH STAYNER Liuuie, Instructor in Comparative Physiology, University of 
Pennsylvania. 

Vireit Everett McCaskI Lu, President State Normal School, Stevens Point, 
Wisconsin. 

Joun McCue ian Pratuer, Teacher of Zoology, Central High School, St. Louis, 
Mo. 

EuGEeNE Howarp Harper, Instructor in Zoology, Northwestern University. 

BENNETT Mitts ALLEN, Assistant Professor of Anatomy, University of Wis- 
consin. 

Wiuu1aAmM J. MoenKuaus, Professor of Physiology, University of Indiana. 

CHARLES DwicHt Marsu, United States Department of Agriculture. 

JouN WiLx1AM Scott, Instructor in Zoology, Kansas State Agricultural College, 
Manhattan, Kansas. 

CHARLES ZELENY, Associate Professor of Zoology, University of Illinois. 

Lynps Jonss, Professor of Ecology, Oberlin College. 

Horatio Hackett NEwMAN, Associate Professor of Zoology, University of 
Chicago. 

JamMeEs FrANcIs ABBortT, Professor of Zoology, Washington University, St. Louis, 
Mo. 

Victor ERNEST SHELFORD, Instructor in Zoology, University of Chicago. 

Oscar Ripp1z, the University of Chicago. 

CHARLES Henry TurniER, Sumner High School, St. Louis, Mo. 

FRANK EvuGEene Lutz, Curator, American Museum of Natural History, New 
York City. 
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GEORGE WASHINGTON TANNREUTHER, Assistant in Zoology, University of Mis- 
sour. 

WaLLAcE Craia, Professor of Philosophy, University of Maine. 

CHARLES CHRISTOPHER ADAms, Instructor in Ecology, University of Illinois. 

JAMES THOMAS Parrerson, Adjunct Professor of Zoology, University of Texas. 

Mary Buowunt, Teacher, University High School, and Assistant in the Depart- 
ment of Zoology, University of Chicago. 

KatTasui TakaAuasut, Professor of Zoology, Gakushinin College, Tokyo, Japan. 

Martian LypiA SHoreEy, Instructor in Zoology, Milwaukee-Downer College, 
Milwaukee, Wisconsin. 

H. L. Wireman, Assistant Professor of Zoology, University of Cincinnati. 

GrorGe WILLIAM BARTELMEZ, Associate in Anatomy, University of Chicago. 


WHITMAN’S SCIENTIFIC WORK® 


Professor Whitman’s scientific work covered an unusually 
broad field. He had a distinct predeliction for monographic 
treatment, and even while engaged on special problems concern- 
ing a particular animal or group of animals little escaped his obser- 
vation or his note-book. Thus his work on leeches was in the 
first place embryological, but he soon turned to anatomy and 
taxonomy, and to problems of behavior, all of which are treated 
in his various publications. Later, in his work on the develop- 
ment of Amia and Necturus, but little of which has been pub- 
lished, he also paid particular attention to problems of anatomy 
and behavior. And again, his work on pigeons concerned not 
only problems of heredity and evolution, but he made an exhaus- 
tive study of the taxonomy of the group, and the problems of 
their behavior were constantly in his mind. He also assigned stu- 
dents problems on their development, and a number of papers were 
published by Guyer, Harper, Blount, Patterson, and Bartelmez 
in this field. Another illustration was his plan for a monographic 
study of Arenicola by codperation of a group of his students, 
parts of which have been published. 

His own publications fall mostly in the subjects of embryology, 
comparative anatomy and taxonomy, animal behavior, and evo- 


6 This section has been prepared by E. G. Conklin, Albert P. Mathews, T. H. 
Morgan, J. Perey Moore, and Oscar Riddle. The writer of the main body of the 
biography has merely prepared the introductory paragraphs. 
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lution and heredity, an extraordinary breadth of field for a modern 
zoologist. But whatever subject he touched he illuminated. 
He was slow to publish, not because of lack of industry or results, 
but because he was determined to examine the subject to the 
bottom, and to be sure of his view-point. He rarely had occa- 
sion to correct any published statement, and even less rarely, 
perhaps, to change in any radical way a point of view to which 
he had once committed himself. Work of such classical distine- 
tion could not be very abundant. He has left a large amount of 
unpublished material, especially bearing on pigeons, though there 
is much that dates from an earlier period. The statements that 
follow concerning unpublished material are on Dr. Riddle’s 
authority. 
Embryology 

In his first scientific publication, ‘‘The Embryology of Clep- 
sine,’ Professor Whitman at once took rank as a great zoologist. 
Although this paper was his doctor’s dissertation, it was unusually 
mature, and showed in striking manner the qualities which char- 
acterized all of his later work, viz., patience and accuracy in 
observation, great power of logical analysis, and a firm hold on 
large problems. Indeed so fundamental and comprehensive was 
this work that almost all of Professor Whitman’s later embryo- 
logical work is foreshadowed in it, while it furnished the stimulus 
for a large amount of work on the organization of the egg and its 
cell lineage, which was done later by his associates and students 
at Woods Hole. 

Even at this early date (1878) his conclusions as to the organi- 
zation of the egg and the formation of the embryo were fundamen- 
tally the same as his later views. He observed the bilateral 
symmetry of the egg of Clepsine before cleavage; he studied 
carefully the cleavage of the egg and observed the formation and 
subsequent history of the ectoblasts, mesoblasts, neuroblasts, 
and entoblasts; he described the growth and concrescence of the 
germ bands of Clepsine, and compared them with the growth and 
concrescence of the germ ring of fishes. His conception of the 
fundamental problem of all development is expressed in these 
words: ‘‘In the fecundated egg slumbers potentially the future 
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embryo. While we cannot say that the embryo is predelineated 
we can say that it is predetermined’’—words almost precisely like 
those used by him twenty years later when dealing with this subject. 

In 1887 he published another paper on this general subject, 
entitled ‘‘A Contribution to the History of the Germ Layers of 
Clepsine”’ in which he extended his former observations on the 
cleavage, orientation of cleavage planes, origin of teloblasts and 
germ bands, origin of the mesenteron, and the origin of the ecto- 
derm and its products. And in the same year in a paper on 
‘“‘Ookinesis,’” he came back to the phenomena of maturation and 
fecundation, which he had treated in his first paper, and gave 
a very suggestive and comprehensive review and analysis of these 
phenomena. 

Whitman’s general point of view regarding the problems of 
development are made particularly plain in his biological lectures 
and addresses. In his address before the Zoological Congress of 
the Worlds Columbian Exposition, on ‘‘The Inadequacy of the 
Cell Theory of Development” he discussed these problems in 
a striking and suggestive manner. At this time the work of 
Wilson and others had just shown the possibility and importance 
of tracing individual blastomeres throughout the development 
from the time of their appearance until they give rise to particular 
portions of the embryo, the cleavage thus constituting ‘‘a visible 
mosaic;’’ shortly before, Roux had shown that the cleavage of 
the frog’s egg was a ‘“‘mosaic work; at the same time the work of 
Driesch and other experimentalists was leading to a directly oppo- 
site opinion. In this conflict of opinion Whitman took a strong 
and independent position, basing his conclusions not merely on 
comparative embryology but also upon the comparison of proto- 
zoa and metazoa. He protested against the view that organiza- 
tion is the product of cell formation, and insisted that ‘ organi- 
zation precedes cell formation and regulates it.” He contrasted 
the Cell-doctrine with what might be called the Organism-doc- 
trine. He insisted that, ‘‘an organism is an organism from the 
egg onward, quite independent of the number of cells present,”’ 
that cleavage is not a process by which organization arises, but 
that organization precedes cleavage. ‘‘The test of organization 
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in an egg does not lie in its mode of cleavage, but in subtile form- 
ative processes. The plastic forces mould the germ-mass 
regardless of the way it is cut up into cells.” 

At the same time he showed clear insight into the results of the 
experimental embryologists. In this same address he says, 
“The formation of a whole from a part . . . . no more 
disproves the existence of a definite organization in the case of the 
egg than in the case of hydra.’’ And in the preface to the volume 
of Biological Lectures for 1894 he strongly contests the view that 
“developmental mechanics” has explained or can explain 
vital phenomena, without reference to the historical develop- 
ment of the organism. As to mechanism and vitalism he says, 
“There is no warrant for the assertion that life is something differ- 
ent from, and independent of, matter and energy. That is the 
mistake of vitalism. On the other hand there is no warrant in 
decomposition for identifying dead mechanism with living 
mechanism.” ‘‘The ultimate mystery is beyond the reach of 
both mechanism and vitalism; let pretensions be dropped and 
approximation to truth will be closer on both sides.”’ 

The influence of Professor Whitman’s work on the science of 
embryology and on the scientific and philosophical problems con- 
nected with development was profound. His work was careful, 
critical, consistent. He reached conclusions only after most 
painstaking observations and mature deliberation, and when he 
had once made up his mind he was not easily moved. Others 
might be ‘‘tossed about by every wind of doctrine,” but he stood 
unmoved and unshaken, having confidence in his own observa- 
tions and reflections and refusing to doubt his conclusions until 
he himself had seen and felt equally strong evidence against 
them. Asa result of this he was unusually stable and consistent, 
and while his later work shows that his ideas were constantly 
enlarging with new evidence, yet there was little in his earlier 
work which needed correction. 

Professor Whitman’s work on the early development of the tele- 
ost egg, published with Alexander Agassiz (1884 and 1889), is a 
fine example of careful discriminating embryological investiga- 
tion. The cleavage especially was studied with great care, and 
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the history of the marginal cells led to the solution of ‘‘one of the 
cardinal questions in the early development of the teleostean 
fishes, namely the precise origin of what His and others have called 
the ‘parablast.’”? The authors showed that the nuclei of the peri- 
blast, as they termed this layer, are derived entirely from the mar- 
ginal cells of the blastodisc, and the fallacy of “‘free cell-forma- 
tion’? and of separate origin of the ‘‘parablast and archiblast’’ 
thus received its quietus. Their hope that a similar result would 
be reached for other meroblastic vertebrate ova has since been 
realized. 
Leeches 

Professor Whitman’s interest in the Hirudinea, aroused and 
fostered during his occupany of a table in Leuckart’s laboratory 
at Leipzig, continued unabated until his labors were so tragically 
terminated. That this interest was no narrow one, but traversed 
much of the depth as well as the length and breadth of biological 
science, is much less apparent from a list of the titles of his papers, 
than from a perusal of their contents. Under such unassuming 
titles as ‘‘The Leeches of Japan,” or “Description of Clepsine 
plana,’ we find treated, not merely specific and faunal details 
but the much larger questions of the formulation of a new system 
for standardizing specific descriptions, the morphological basis 
of generic groupings and the origin, evolution, ecology, adapta- 
tions, morphology, classification and paths of dissemination of the 
land leeches. The latter small group of animals particularly 
appealed to his naturalist’s spirit, not as the disgusting pests that 
they had seemed to most previous describers and tropical travelers, 
but as the keen-sensed, facile winners in a competitive struggle 
for life that must have been of the utmost severity for animals 
that have departed so widely from the habits and environment 
of their ancestors. 

Although Professor Whitman’s contributions to the adult 
morphology of the Hirudinea were not numerous, numbering 
only three major papers and seven or eight preliminary sketches, 
polemics and reviews, they have exerted a great and lasting influ- 
ence. ‘Taken together they form an exhibit of the catholicity of 
his interests and exemplify the soundness of his scientific ideals. 
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Whitman was ever keenly alive to the importance of a many sided 
view of animal life and was equally sympathetic to the work of 
the field naturalist and student of ecology and habits, of the sys- 
tematist, morphologist and physiologist in all their multiform 
specialties, requiring only that their work should be thoroughly 
and honestly done. 

His earlier papers especially indicate a real and vital interest 
in systematic zoology and the species question. To whatever 
wide ranging speculations his studies eventually led him, they 
. received their primary impetus through his efforts to find a satis- 
factory basis for the discrimination and definition of the species of 
leeches. Indeed, his very first paper after the publication of 
his Inaugural Dissertation on the ‘‘ Embryology of Clepsine,’”’ was 
on ‘‘A new species of Branchiobdella”’ (B. pentadonta) which he at 
that time, in common with other zoologists, regarded as a leech. 

To such good purpose did he labor that the history of the sys- 
tematic study of the leeches may fairly be divided into a pre- 
Whitmanian and a Whitmanian period. Notwithstanding that 
he often rode rough-shod over many of the most sacred traditions 
of systematic zoology, and notwithstanding that his actual deter- 
minations of species and genera have sometimes proven unfor- 
tunate, nevertheless Professor Whitman discovered the criteria 
by which evolution and specific radiation in the leeches may 
best be measured and expressed, and he set a standard for specific 
description that has since been the guide and model to all the best 
workers in this field. Out of the chaotic condition that Whitman 
found order has been wrought, largely through the use of the tools 
that he devised. It cannot be denied that he imported new light 
and life to the subject, nor that all later students of leeches have 
felt the vivifying influence of his ideals. 

The key to Whitman’s successful analysis of the external mor- 
phology of leeches is his discovery (first announced in two pre- 
liminary papers published in 1884 and subsequently repeatedly 
reverted to and expanded) of the segmental sense organs to which 
he later applied Haeckel’s term ‘sensillae.’ These little, whitish, 
translucent dots, visible on many living leeches, had been noticed 
occasionally by earlier observers and Ebrard had even suggested 
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that they might have a respiratory function, but their real nature 
and significance as sense organs had passed quite unsuspected. 

Whitman showed that these sensillae are groups of tactile cells 
which differ from the scattered epidermal sense cells chiefly 
in their aggregation into groups arranged symmetrically according 
to a definite plan on one ring (now designated the neural or sen- 
sory annulus) of every somite and that they are serially homolo- 
gous with the eyes, which differ from them chiefly in the acquisi- 
tion of visual cells (Glaskérper of Leydig) and pigment cup. 

During the two years (1879-1881) which he spent in Japan 
as Professor of Zoology at the University of Tokio, Professor 
Whitman collected material fot the description of the leeches of 
that country. Under his direction most beautiful and accurate 
colored drawings were made of the species of the several families, 
but unfortunately the first part only, treating of the Hirudinidae 
or ‘“‘ten-eyed leeches,”’ was ever published. In this paper Whit- 
man’s method of analytical description, based primarily upon the 
metameric arrangement of the sensillae and the somite composi- 
tion thus made evident, was first fully applied to the family Hiru- 
dinidae. In the course of somewhat elaborate descriptions of 
the Japanese land leech (Haemadypsa japonica), the Japanese 
medicinal leech (Hirudo nipponica) and three species of Leptos- 
toma (earlier named Microstoma and now known as Whitmania) 
the somites are analysed successively and compared as respects 
their constituent elements. Comparisons are made with several 
other European, American and Asiatic genera and the previously 
unknown or only vaguely apprehended fact brought to light that 
the metameres of the different genera of ten-eyed leeches are very 
differently developed as regards the number and size of constitu- 
ent rings, particularly toward the extremities of the body. These 
observed differences in the number of rings constituting the so- 
mites are correlated with differences in the mode of life of the 
animals. In addition to their morphological value, these descrip- 
tions and the accompanying illustrations are models of beauty and 
accuracy, than which no more satisfying have been published 
before or since. 
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Much attention is given to the description and illustration of 
the complex color patterns and, although Whitman perceived 
that in each species all patterns are variants of a single fundamen- 
tal one, the structural basis underlying them in the arrangement 
of the muscles and other organs was left to be discovered by his 
student Arnold Graf, whose tragic end at Woods Hole, Professor 
Whitman so keenly felt. 

The discovery of the neurology of eyes and sensillae was fully 
elaborated and the structure of these organs minutely described. 
They were compared to the lateral sense organs of the Capitelli- 
dae and the lateral line organs of fishes. The precise determina- 
tion of the limits and composition of the somites that his method 
required, led Professor Whitman to the formulation of definite 
views regarding the nature and history of the metameres, namely: 

1. That the neural or sensory annulus is the first of the 
somite. 

2. That each ganglion of the central nervous system supplies 
the first three rings of one somite and the last two rings of the 
immediately preceding somites or equivalent portions of somites 
having less than five rings, and consequently that there is a 
lack of correlation between definite neuromerism and defin- 
itive metamerism. 

3. That the quinque-annulate or typical complete somite of 
the middle region is primitive; and that there is a progressive 
reduction or abbreviation of the somites toward the ends of the 
body that is correlated with specialization in other respects. 

It must not be understood that Whitman neglected the internal 
anatomy. On the contrary he was assiduous in the dissection 
and description of the several organ systems, but except in the case 
of the nervous system, he added comparatively little to our knowl- 
edge. 

In a later largely controversial article “Some New Facts about 
the Hirudinea,’ written in reply to criticism, Whitman forcibly 
reasserts his views and brings many new facts to their support. 
In this paper his strong leaning toward the annelid theory of the 
origin of vertebrates, to which reference is frequently made in 
later papers, is indicated. He also extends his former opinion 
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of the homology of the segmental organs with the lateral line 
organs to include the ear and even the eye of vertebrates, which 
he believed to have had their origin in organs similar to the sen- 
sillae of leeches. — 

Three years later (‘Description of Clepsine plana,’) we find 
Whitman with all his enthusiasm applying the same criteria of 
metamerism and the same methods of analysis to the external 
morphology of the Glossiphonidae. This he designated the type 
somite and derived from it both abbreviated somites having the 
number of rings reduced to less than three and supplemented 
somites with the number multiplied to more than three. 

In support of these views he also appealed to the facts of em- 
bryology and instanced many cases of ring multiplication, incip- 
ient or advanced, in various genera of leeches. Each somite 
of the leeches’ body, to a considerable degree, undergoes an inde- 
pendent individual development, the nature and extent of which 
is correlated with the physiological demands to which it is sub- 
jected. But never did Whitman carry out his view to its logical 
consequences and see, as others have, that the uniannulate and 
biannulate somites existing at the ends of the body of nearly all 
leeches are steps toward the elaboration of the triannulate as 
the latter is toward the quinque-annulate somite. 

The relation of sensillae and eyes became clearer and the proof 
of their homology was buttressed by many facts. Cases of dual 
sense organs, composed partly of superficial cells bearing tactile 
hairs and partly of clear visual cells situated more deeply along 
the course of the optic nerve, and all gradations from typical 
sensillae with which one or two visual cells and perhaps a little 
pigment may be associated, to complete eyes with only a trace of 
tactile cells were described, the latter leading by easy gradations 
to the strictly visual organs of Hirudo. In some cases every step 
in the transition was found in the successive somites of a single 
leech, as in Clepsine hollensis. 

Strong embryological evidence was brought to bear, especially 
in a paper in the Zoologischer Jahrbiicher for 1893, as showing the 
common origin of both kinds of sense cells from common prolifera- 
tions of the ectoderm, also that the segmental sense organs are 
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more primitive than the scattered sense cells (goblet cells, labial 
sense cells and Bayer’s organs) and that they cannot have been 
derived from aggregations of. the latter, as had been maintained 
by Maier and Apathy. | 

It is most fitting that Whitman’s last important paper relating 
to the leeches should have appeared in the “Festschrift zum sieben- 
zigsten Geburtstage’’ Leuckarts who had guided his early inter- 
est in the group. This memoir on ‘‘The Metamerism of Clep- 
sine,” is the culmination of Whitman’s work on metamerism. 
More than any previous work it is concerned with the nervous 
system and as an example of complete morphological analysis 
has few equals among papers dealing with invertebrates. The 
elements of the central neuromeres and peripheral nerves are cor- 
related one by one with such external features as annul, sensillae 
and eyes throughout the body and especially in the simpler somites 
at the two extremities. The presence in these terminal segments 
of every morphological element is determined and accounted for 
and the conclusion reached that complete homodynamy exists 
throughout. The earlier determination of twenty-six somites in 
the body of all leeches anterior to the caudal sucker, and of seven 
in the sucker was confirmed. 

Metamerism is traced to the extreme tip of the anterior end, 
where, however, there is a cephalic region in which the dorsal 
halves alone of the somites are represented and in which as a 
consequence, there is a delayed embryonic development. There 
is no non-metameric residuum at the anterior end and, although 
acknowledging that embryology furnishes some evidences of the 
presence of a rudimentary apical organ and remnants of a pair of 
head kidneys, Whitman denies that there is any element here 
other than, or added to, the first metamere. There is no pro- 
soma in the sense of Hatschek of an unpaired, non-metameric 
and premetameric region opposed to the segmented region begin- 
ning with the larval mouth. Whitman also contends that these 
facts confirm the opinion long held by himself in common with 
Leuckart and others that metamerism originated in multiplica- 
tion by fission. 
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Animal Behavior 


Two papers were published by Dr. Whitman on Animal Be- 
havior, one as a Woods Hole lecture, the other in the Monist. 
There was also a short letter, commenting on an article of Pro- 
fessor Lankester’s on the origins of intelligence, published in the 
Chicago Tribune. Of these, the lecture entitled ‘Animal 
Behavior” is the most important. It shows him at his best and 
is one of the ablest of his papers, which is equivalent to saying 
that it is one of the most admirable papers on this subject. Its 
style is clear, interesting, and direct; and it may be taken as a 
model by every investigator. Nowhere else is reasoning more 
solid and sound, or comment more illuminative. No other of 
his papers illustrates better the qualities of his genius: the selec- 
tion of a fundamental problem; painstaking study; publication 
only after years of observation and reflection; skill in laying bare 
the simple basis of an apparently complex group of phenomena; a 
grasp of the subject in all its bearings; and the use of the compara- 
tive or phyletic method of attack. 

He considers in this paper the fundamental questions of the 
origin of instinct and intelligence as illustrated by a study of the 
behavior of three kinds of animals upon which he worked at 
different periods of his life: the leech, Necturus, and the pig- 
eon. 

He begins with the simplest acts of Clepsine; its deceptive 
quiet when disturbed, a quiet of intense rigidity; and its rolling 
into a ball after feeding when it detaches itself from its host. He 
shows that the latter instinct can never have been acquired as 
a habit which has been stereotyped as an instinct, because Clep- 
sine feeds but twice or three times in its life. - ‘If the view here 
taken be correct,’”’ he says, ‘‘the instinct of rolling into a ball is 
not a matter of deliberation at all, but merely the action of an 
organization more or less nicely adjusted to special conditions 
and stimuli. Intelligence does not precede and direct, but the 
indifferent organic foundation with its general activities is pri- 
mary; the special behavior or instinct is built up by slowly modify- 
ing the organic basis.” 
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Similarly, the instinct of capturing food exhibited perfectly 
by the youngest Necturus is innate. The pause before seizing 
the bait is part of a very old primitive mechanism found is fishes 
and finally developed into the ‘pointing’ of a dog. Its object 
is to fix the aim. The timidity of the young Necturus is also 
innate and not the result of painful experiences. 

‘““We have taken a very important step in our study when we 
have ascertained that behavior, which at first sight appeared to owe 
its purposive character to intelligence, cannot possibly be so 
explained, but must depend largely, at least, upon the mechanism 
of organization. The origin and meaning of the behavior ante- 
date all individual acquisitions and form part of the problem of 
the origin and history of the organization itself.” ‘‘We see 
at once that behavior does not stand for a simple and primary 
adaptation of a pre-existing mechanism to a special need. As the 
necessity for food did not arise for the first time in Necturus, 
the organization adapted to securing it must be traced back to 
foundations evolved long in advance of the species. The retro- 
spect stretches back to the origin of the vertebrate phylum . . 

The point of special emphasis here is that instincts 
are evolved, not improvised, and that their genealogy may be as 
complex and far-reaching as the history of their organic bases.” 
This passage should be read by all physiologists who, of all biol- 
ogists, are most given to neglecting phylogeny in their explana- 
tions. 

While instinct thus comes before intelligence and not after 
it, as many have believed, some intelligence was implied by the 
inhibition of instinctive acts in Necturus by fear. To clinch his 
argument that instincts are evolved like structures and are not 
inherited habits, he turns to two instincts cited by Romanes as 
clear evidence of their origin in habits; the tumbling and pouting 
of pigeons. An examination shows that the rudiments of these 
instincts are to be found in all species of pigeons. Again the value 
of the phyletic method of study is illustrated by the ‘brooding’ 
instinct of birds. This he shows to be the evolution of an instinct 
shown even in fishes, which hover over the nest and drive away 
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intruders. Even Clepsine sticks more firmly than usual when it is 
over its eggs. 

He sums up this part of the paper with a few general state- 
ments: ‘‘Instinet and structure are to be studied from the com- 
mon standpoint of phyletic descent and that not the less because 
we may seldom, if ever, be able to trace the whole development of 
an instinct. Instincts are evolved, not involyed 
and the key to their genetic history is to be sought in their n more 
general rather than in their later and incidental uses.”” ‘As the 
genesis of organs takes its departure from the elementary struc- 
ture of protoplasm, so does the genesis of instincts proceed from 
the fundamental functions of protoplasm.” 

Taking up now the origin of intelligence he says, “‘Since instinct 
supplied at least the earlier rudiments of brain and nerve, since 
instinct and mind work with the same mechanisms and in the 
same channels, and since instinctive action is gradually super- 
seded by intelligent action, we are compelled to regard instinct 
as the actual germ of mind.” “ We are apt to contrast the extremes 
of instinct and intelligence—to emphasize the blindness and inflex- 
ibility of the one and the consciousness and freedom of the other. 
It is like contrasting the extremes of light and dark and forgetting 
all the transitional degrees of twilight.” ‘Instinct is blind; 
so is the highest human wisdom blind. The distinction is one 
of degree. There is no absolute blindness on the one side, and no 
absolute wisdom on the other. Instinct is a dim sphere of light, 
but its dimness and outer boundary are certainly variable; intelli- 
gence is only the same dimness improved in various degrees. ’’ 

To show how instinct becomes less fixed and choice appears he 
cites the behavior of three species of pigeons, the passenger pigeon, 
the ring dove and the common pigeon. If the egg is removed 
from under the wild pigeon and placed on the side of the nest, the 
bird returning to the nest remains a moment or two only and then 
leaves the nest not to return. The ring dove, on the contrary, 
after some time of perplexity, will return one egg into the nest 
leaving the other out; the common pigeon, after a longer period 
of perplexity and uneasiness, will put both eggs back into the nest. 
There is here a gradual loss of precision of the instinct to leave the 
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disturbed nest when the rigor of natural selection is relaxed. The 
common dove is not so much an automaton. Choice begins to 
appear. ‘‘ With choice no new factor enters, but only plasticity, 
so that the pigeon becomes capable of higher action and is encour- 
aged and even constrained by circumstances to learn to use its 
privilege of choice.”’ ‘This little freedom is the dawning grace of 
a new dispensation in which education by experience comes in 
as an amelioration of the law of elimination. This slight amena- 
bility to natural educational influences cannot of course work 
any great miracles of transformation in a pigeon’s brain, but it 
shows the way to the open door of a freer commerce with the 
external world, through which a brain with richer instinctive 
endowments might rise to higher achievement.” 

‘‘Superiority in instinct endowments and concurring advantages 
of environment would tend to liberate the possessors from the 
severities of natural selection; and thus nature, like domestica- 
tion, would furnish conditions inviting to greater freedom of 
action, and with the same result, namely, that the instincts 
would become more plastic and tractable. Plasticity of instinct 
is not intelligence, but itis the open door through which the greater 
educator, experience, comes in and works every wonder of 
intelligence.”’ 


Evolution 


No account of Whitman’s work would be complete without 
reference to his essay on ‘Evolution and Epigenesis,”’ not only 
because this essay reveals him in one of his most thoughtful 
moods, but because the essay defines very sharply Whitman’s 
attitude toward one of the profound questions of the time—a 
question that was then engaging the best thought and work of 
all serious biologists. His keen critical sense is here shown to 
advantage, his independence of thought led him to break some of 
the idols of the day, and his thorough understanding of what had 
been written and was being written at the time, all conspire to 
make the essay a permanent contribution to our knowledge. He 
succeeds as few others have done in holding the fine balance be- 
tween the two extremes of thought represented by the terms pre- 
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formation and epigenesis. He defines his position in the follow- 
ing words: ‘I should perhaps say at the outset that I have no 
theory of development either to announce or to defend. It is of 
more importance just now to have well-defined standpoints and 
clear ideas of guiding principles. The possibility, not te say 
probability, that the egg is from the beginning of its existence as 
an individual cell definitely oriented has as yet received but little 
attention.”’ ‘‘The drift of opinion, as it seems to me, is neither 
back to the standpoint of Harvey and Wolff nor to that of Bonnet 
and Haller, but towards a new standpoint which seeks to avoid 
the errors and blend the truth of the old hypotheses.’’? Whit- 
man’s standpoint is summed up in the two following quotations: 
‘The indubitable fact on which we now build is—the ready-formed 
living germ, with an organization cut directly from a pre-existing 
parental organization of the same kind. The essential thing here 
is—actual identity of germ organization and stirp organization.” 
And again: “Let this organization stand for not more than our 
neo-epigenesists freely concede, namely, that original constitution 
of the germ, which predetermines its type of development—let 
it stand for nothing more than that and obviously the standpoint 
rises to an altitude scarcely dreamed of in the philosophy of Har- 
vey and Wolff.” 

Whitman devoted much time to the study of Bonnet’s ‘nee 
of evolution. If one asks why he should have thought it worth 
while to give so much attention to a discredited theory of the 
eighteenth century, the answer is first that he wished clearly to 
point out the error of those ‘‘who imagine that they see in recent 
theories of development a renaissance of Bonnet’s evolution” 
and, second, that ‘‘if our theories of development are carrying us 
back to the standpoint reached by the evolutionists of the last 
century it is a matter of more than historical interest.’? His 
conclusion is ‘‘That the old and the new evolution are based on 
antithetical conceptions which exclude each other at every point.” 
“The old evolution (preformation) was the greatest error that 
ever obstructed the progress of our knowledge of development. 
If our examination has helped to clear the mist that obscured 
important distinctions we have not labored wholly in vain.” 
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Dicyemids 


In 1882 Whitman published his paper on the Dicyemids. He 
confirmed much of the earlier work of van Beneden, but made out 
a diferent relation between the nematogene and the rhombo- 
gene individuals. He discovered certain facts that led him to 
conclude that the germagene of van Beneden arose from fertilized 
eges while all other individuals arose parthenogenetically. Whit- 
man’s conclusion in regard to the relationships of the Dicyemids 
is the same as that to which Hartman has come in his recent mono- 
graph. 

Pigeons 


Those who are familiar with Whitman’s work regard his 
studies and experiments on pigeons as his greatest achievement. 
He died at the very moment when he believed that he had reached 
a point where he was prepared to publish the results of this 
extensive and exhaustive investigation. Only on a few occasions 
(see list of publication 1904-1907) has he stated in briefest out- 
line a few of the principal conclusions he had reached. In a paper 
read atthe Universal Exposition in St. Louis in 1904; inhisaddress 
before the International Congress of Zoologists in Boston, 1907; 
and in the Bulletin of the Wisconsin Natural History Society, 
1907, Whitman has expressed himself clearly and forcibly on 
certain fundamental questions of evolution. His address of 
1907 has not been printed but the substance of that address is 
found in his other writings. 

The dominant feature of Professor Whitman’s long and still 
unpublished work on inheritance and evolution lies in its inten- 
sive and extensive attack upon the nature of a specific character. 
In the 90’s he wrote: ‘‘It is to a comparative and experimental 
analysis of specific characters that we must look for knowledge 
of the phenomena of heredity and variation.” And again, in 
1904, in summarizing the results of many years of study of one 
such character he wrote as follows: 

‘“‘Tn tracing the origin and genesis of a single character we meet 
the leading questions in the evolution of species. First and fore- 
most the question as to the nature of the initial stages. Did the 
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character arise as a variation de novo, or as a progressive modifi- 
cation of a pre-existing character? If de novo, did it spring 
suddenly forth, with some decisive advantage in the struggle 
for existence? Or did it-appear as one of many minute changes, 
and by some happy chance get a start that gave it the lead in 
future development? In other words, did it begin as a discon- 
tinuous variation, sport, or mutation? Or did it arise cumula- 
tively, as a continuous development? If it originated by modi- 
fication of an earlier character, was it at first a sudden, sport-like 
departure? Or was it a slow and continuous transformation, 
of a progressive or retrogressive nature? 

“Then we come inevitably to the deeper question, which natural 
selection only partially penetrates—the question how variation, 
multifarious and undirected, without the aid of design or a de- 
signer, can advance to such definite and wonderful achieve- 
ments as specific characters.”’ 

Whitman’s devotion to the task of learning a specific character 
knew no bounds; it heeded neither time, personal sacrifice, nor 
the difficulties which the ensemble of life processes creates when a 
particular process with which the biologist would become familiar 
is examined. But, he was ever ready and eager to attend to 
each and every perturbation of the system, from whatever 
extrinsic source, if its analysis might lead directly or indirectly to 
a better measure of realities in his own main sphere of study. 
It thus happens that along the pathway which he has blazed 
into the central problems of evolution are to be found many 
discoveries in the fields of instinct, animal behavior, fertility, cor- 
relative variation, the nature of sex, etc. 

Having selected color-pattern in pigeons as supplying a satis- 
factorily small group of specific characters easily accessible to 
study, he first set about determining which patterns are the more 
primitive and which the higher and more recent ones, the facts 
being determined through a most painstaking search for the con- 
vergent testimony of the most various kinds of evidence. Here 
his uncompromising ideal of an intensive and extensive study 
of a character, his own exceptional mastery of the broad field of 
zoology, the eighteen years of unbroken and devoted study that 
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he gave to this work inevitably led him to results of great impor- 
tance. 

A general survey was made of the color-patterns of nearly six 
hundred wild species, and of nearly two hundred domestic races 
of pigeons. Large numbers of genera and species from all parts 
of the world were brought to the breeding pens of his yard. 
With indefatigable patience the plumage patterns of the living 
birds were studied; the sequence of pattern in the plumages 
from young to old was accurately observed; and thoughtful experi- 
ments were devised to bridge the gap between the moults, and thus 
displace apparent discontinuities with visually realized continui- 
ties. The primitive pattern of many diverse orders of birds was 
also ascertained, and the general primitive basis of color-marking 
in all birds—the ‘fundamental bars’ were discovered. 

The direction of the evolution as it was indicated by all these 
studies was, moreover, again and again retested by evidence of an 
entirely different sort. Such characters as voice, behavior, and 
fertility were separately subjected to similar appropriate vigor- 
ous comparative and breeding tests to learn whether the resulting 
data would parallel each other and that furnished by the exten- 
sive study of the color-pattern. Only when, by all these means 
and others, he had accumulated a vast amount of reliable, consis- 
tent and convergent testimony as to where the various genera and 
species stand in the phylogenetic series, did Professor Whitman 
permit himself to feel that he was reading aright the history of the 
specific characters of the pattern. And it isa very real monument 
to his scientific greatness, that, not until he knew all this of the 
character with which he was working, and much besides, would 
he write as much as one line concerning it. 

In his yards were hybridized nearly forty wild species of pig- 
eons, most of these crosses being made here for the first time. 
The results of continued breeding of the simple and complex 
hybrids from these forty pure wild species, and of several domestic 
races, furnish a mass of most remarkable data. The conclusions 
from these data being at the same time checked and supported by 
the results of other lines of study on the same material. 
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In consequence Professor Whitman’s work presents a great 
body of searchingly self-critical and reliable conclusions, and these 
conclusions unquestionably lead far into constructive evolution- 
ary theory. For his material he believed he had demonstrated 
beyond doubt the reality and regnancy of definitely directed 
variation, 1.e., of orthogenesis, as the method of evolution. He 
has accumulated and presented the most weighty evidences for 
continuity as against discontinuity in the phenomena of varia- 
tion, inheritance and evolution. He has thrown new light on the 
nature and meaning of ‘mutants;’ such ‘mutants’ at any 
rate as occur among pigeons. He accomplished in 1903, and con- 
tinuously since then, the remarkable result which in Mendelian 
terms may be spoken of as the control or determination of the 
dominance of sex and color.’ 

His work was most bountifully and beautifully illustrated, 
this feature having occupied many years of the undivided atten- 
tion of excellent artists. Even in the unfinished parts, however, 
the outlines of the work are so bold and its details of data are 
so clear as a result of the polishing process to which he, who 
was the very spirit of clarity and accuracy, subjected them, that 
time and care will enable others to arrange most of the results 
in a form that will still carry conviction to the reader. 

Whitman’s conception of Orthogenesis, and his attitude toward 
the mutation theory is stated in the following paragraph: 

‘‘ Among the rival theories of natural selection two are especially 
noteworthy. One of these is now generally known as ortho- 
genesis. Theodore Eimer was one of the early champions of 
this theory, basing his arguments primarily upon his researches 
on the variation of the wall-lizard (1874-81). Eimer boldly 
announced his later works on ‘The Origin of Species’ (1888), 
and the ‘Orthogenesis of the Butterflies’ (1897), as furnishing 
complete proof of definitely directed variation, as the result of the 
inheritance of acquired characters, and as showing the utter ‘impo- 
tence of natural selection.’ Eimer’s intemperate ferocity toward 
the views of Darwin and Weismann, coupled with an almost 


7 Unpublished data. 
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fanatical advocacy of the notion that organic evolution depends 
upon the inheritance of acquired characters, was enough to pre- 
judice the whole case of orthogenesis. Moreover, the contro- 
versial setting given to the idea of definitely directed variation, 
without the aid of utility and natural selection, made it difficult 
to escape the conclusion that orthogenesis was only a new form 
of the old teleology, fromthe paralyzing domination of which Dar- 
win and Lyell and their followers had rescued science. Thus 
handicapped the theory of orthogenesis has found little favor out- 
side the circle of Eimer’s pupils.’’® 

“The second of the two theories alluded to is the mutation 
theory of Hugo. de Vries. The distinguished author of this 
theory . . . . maintains, on the basis of long continued 
experimental research, that species originate, not by slow gradual 
variation, as held by Darwin and Wallace, but by sudden salia- 
tions, or sport-like mutations. According to this theory, two 
fundamentally distinct phenomena have hitherto been confounded 
under the term variation. In other words, variation, as used by 
Darwin and others, covers two classes of phenomena, totally dis- 
tinct in nature, action, and effect. Variation proper is defined 
as the ordinary, fluctuating, or individual variation, and this is 
held to be absolutely impotent to form new species. 

“Granting that the position with respect to the mutants obtained 
from the evening primrose (Oenothera Lamarckiana) is unassail- 
able, does it follow that all new species have arisen by mutation, 
and that continuous variation has never had, and never can have, 
anything to do with the origin of species? 

“Plausible as is the argument and impressive as is the array of 
evidence presented, I can but feel that there are reasons which 
compel us to suspend judgment for a while on this pivotal point 
of the mutation theory.” 

Whitman objected strongly to the implication that a variation 
tendency must be considered to be teleological because it is not 
orderless. | 


§ Whitman—The Problem of the Origin of Species, Congress of Arts and Science, 
Universal Exp. 1904. 
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“T venture to assert that variation is sometimes orderly, and at 
other times rather disorderly, and that the one is just as free from 
teleology as the other. In our aversion to the old teleology, so 
effectually banished from science by Darwin, we should not for- 
get that the world is full of order, the organic no less than the 
inorganic. Indeed what is the whole development of an organism 
if not strictly and marvelously orderly? Is not every stage, from 
the primordial germ onward, and the whole sequence of stages, 
rigidly orthogenetic? If variations are deviations in the direc- 
tions of the developmental processes, what wonder is there if in 
some directions there is less resistance to variation than in others? 
What wonder if the organism is so balanced as to permit of both 
unifarious and multifarious variations? If a developmental 
process may run on throughout life (e.g., the lifelong multiplica- 
tion of the surface-pores of the lateral-line system in Amia), 
what wonder if we find a whole species gravitating slowly in one or 
a few directions? And if we find large groups of ‘species all 
affected by a like variation, moving in the same general direction, 
are we compelled to regard such ‘a definite variation-tendency’ 
as teleological, and hence out of the pale of science? If a designer 
sets limits to variation in order to reach a definite end, the direc- 
tion of events is teleological; but if organization and the laws of 
development exclude some lines of variation and favor others, 
there is certainly nothing supernatural in this, and nothing which 
in incompatible with natural selection. Natural selection may 
enter at any stage of orthogenetic variation, preserve and modify 
in various directions the results over which it may have had no 
previous control.” 

The particular evidence in favor of orthogenesis on which 
Whitman rested his case is found in the origin of the bars on the 
wings of the wild pigeons and on the wings of many domesticated 
birds. 

“The rock pigeons (Columba livia) present two very distinct 
color-patterns; one of which consists of black checkers uniformly 
distributed to the feathers of the wing and the back, the other of 
two black wing-bars on a slate-gray ground. These two patterns 
may be seen in almost any flock of domestic pigeons. 
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The inquiry as to the origin of these patterns involves the main 
problem of the origin of species, for the general principles that 
account for one character must hold for others, and so for the 
species as a whole Darwin raised the same question, but did not 
pursue it beyond the point of trying to determine which pattern 
was to be considered original and how the derivation of the other 
was to be understood. Darwin’s explanation was so simple and 
captivating that naturalists generally accepted it as final. It is 
but fair to state that Darwin’s conclusions did not rest on a com- 
parative study of the color-patterns displayed in the many wild 
species of pigeons. Accepting the view generally held by natura- 
lists, that the rock pigeons must be regarded as the ancestors of 
domestic races, the question was limited to the point just stated.” 

Between the checkered and the barred types many intermediate 
stages may be found in different individuals. But which way is 
the series to be read, from checkers to bars or from bars to check- 
ers? Whitman finds an answer to this question in the evidence 
from experiments, from development, and from a comparative 
study of the Columbide. 

‘“‘ As an experiment, we may take one or more pairs of pure-bred, 
typically barred pigeons, and keep them isolated from checkered 
birds for several years, in order to see if the young ever advance 
toward the checkered type. 

‘Another experiment should be tried for the purpose of seeing 
what can be done by working in just the opposite direction. In 
this case we take checkered birds, selecting in each generation — 
birds with the fewer and smaller checkers, and rejecting the others, 
in order to see if the process of reduction can be carried to the 
condition of three, two, and one bar, and finally, to complete 
obliteration of both checkers and bars, leaving the wing a tabula 
rasa of uniform gray color. 

“Tf these experiments are continued sufficiently far, it will be 
found from the second experiment that a gradual reduction of 
pigment to the extreme conditions named can be comparatively 
easily effected, and that the direction of reduction will always be 
the same, from before backward; while, from the first experiment, 


BIOGRAPHICAL SKETCH lxix 


it will be seen that it is hopeless to try to advance in the opposite 
direction, from the bars forward to the checkered condition. No 
variations will appear in that direction, but such as do appear 
will take the opposite direction, tending to diminish the width of 
the bars and to weaken their color. It is in this way that we must 
account for the existence of some fancy breeds in which the bars 
have been wholly obliterated. The direction of evolution can 
never be reversed. 

“T have tried both experiments for eight years, and as both tell 
the same story as to the direction of variation, I am satisfied that 
further experiments will not essentially modify the results.” 

After tracing wing bars of diverse kinds to checkers, the origin 
of the checkers was traced from a still earlier and universal avian 
character. 

“Tt consists of a single dark spot occupying the centre of the 
exposed part of each feather. In the course of evolution, this 
spot has been divided into two lateral spots by the disappearance 
of pigment along the shaft, beginning at the apex of the feather 
and advancing gradually inward. The old Turtle-Dove charac- 
ter thus passes by a continuous process of division into the Rock 
Pigeon pattern, consisting of two checkers on each feather, more 
or less completely separated. The evidences showing such a 
gradual transmutation are still to be seen, and in such profusion 
as to wholly exclude doubt. Hundreds of species have been 
formed in this simple way, leaving no room for the claim of sud- 
den, nontransitional mutations. 

_ “The transitional stages between the Turtle-Dove pattern and 
the checkered pattern of the Rock pigeons, are exhibited not only 
as we pass from one species to another, but often as we advance 
from the juvenal to the adult plumage; and frequently they may 
be seen in different parts of one and the same individual plumage. 

“A still older character than the Turtle-Dove spot is seen in the 
cross-bars, or fundamental bars, that appear to mark all feathers of 
all species of birds. These bars were first noticed in pigeons in the 
summer of 1903, and were soon found to be common to allspecies 
of pigeons and birds in general. From these fundamental feather- 
bars or their secondary derivatives, a multitude of specific char- 
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acters have been evolved by gradual modification. The continu- 
ity in the evolution of some of these characters can be experi- 
mentally demonstrated. The little Diamond Dove (Geopelia 
cuneata) of Australia, owes its small white spots (two in each 
feather) to these bars. The transitional stages connecting the 
spots with the bars are not wholly given in passing from the juvenal 
to the adult plumage. But if we pluck a few of the juvenal 
feathers at suitable intervals, their places will be filled by new 
feathers of different ages, and in this way we may get the stages 
intermediate between the bars of the young and the spots of the adult. 
Thus we see that the adult pattern, which normally appears to 
come in as a striking mutation, by a single gump, is only an end- 

stage in a continuous process of differentiation. So it is every- 
where. Suppression of stages in ontogeny looks like saltations; 
but whenever we can get at the history of the character, we find the 
continuity comes to light.” 


PERSONAL CHARACTERISTICS 


We have described principally the outward events of a life 
that was not lacking in incident. Many traits of character shine 
through these events, but the history of his inner life is far from 
being comprised in such a sketch, and there is no one competent 
to write it. With Whitman, more than with most men, one felt 
that the inner life was the dominant factor, that it was genuine, 
deep and worth knowing; the outward events were more or less 
accidental; he would have created similar effects under a totally 
different set of external circumstances. 

In person he was of medium height, of stout build and good 
color in his maturity, though thin and pale in his last years; his 
hair was snow white from young manhood, his eyes were direct 
and piercing, his forehead high, broad and noble; he wore a beard 
and a heavy mustache that somewhat concealed the rather thick- 
lipped mouth. His bearing was always erect and dignified; his 
dress was simple and sufficiently conventional, but he entirely 
eschewed the ceremonial dress and was only once seen in academic 
cap and gown, and I believe not at all in evening dress. 
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Whitman’s life was simple and studious; it was passed almost 
entirely between his house and his laboratory. A large part of 
his work, since 1891 certainly, was done at home, and from about 
1895 when he began the study of pigeons, by far the major part. 
He gradually collected a large number of species of pigeons from 
all parts of the world, and in the latter part of his life the collection 
comprised some 550 individuals representing about thirty species. 
His house was surrounded by pigeon cotes, and he always had 
some birds under observation indoors, so that the cooing of doves 
was for years a dominant sound in his house. He took care of 
the birds for the most part himself, though he usually had the 
assistance of one or two maids. He thus actually lived with his 
birds constantly, and very rarely was absent from them even for 
a single day. He made observations and kept notes on all aspects 
of the life and behavior of each species, as well as of such hybrids 
as he was able to produce. He always had one Japanese artist 
at work continuously drawing pigeons, and for several years 
two—Hyashi and Toda. Thus he accumulated an immense 
amount of material for his magnum opus, which, however, he was 
not permitted to finish. It is hoped that a considerable portion 
of his work may be available for posthumous publication, owing 
to the self-sacrificing labor that has been put on it first by Dr. R. 
M. Strong, and then by Dr. Oscar Riddle, one of his students, 
who is now devoting his entire time to editing the manuscripts. 

For many years Whitman carried his pigeons with him to Woods 
Hole in June and back again in September, as already related. 
But the burden became intolerable, especially as he always bore 
the entire expense of his pigeon work personally. He was finally 
obliged to relinquish the annual trip to Woods Hole and all the 
cherished associations of the Marine Biological Laboratory. 
His work probably flourished better under these conditions, but 
it is to be feared that his health suffered from too close applica- 
tion to work and from lack of variety in his life. 

With all of his close application to his study, he was neverthe- 
less most devoted to his friends; he was always pleased to see 
them, and would spend hours in conversation with them as though 
he had no other concern in the world. Although he was no smoker 
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he would always offer cigars and cigarettes, and would frequently 
light a cigarette himself,—which burned however mostly in his 
fingers,—to heighten the spirit of hospitality. He rather fre- 
quently invited his students or members of his department and 
other friends to dinner, and then his usually simple meal was 
changed to a more elaborate repast. 

Dr. A. P. Mathews, one of his close friends, writes thus of 
him, ° 

It is not, however, of his work as a scientist upon which I wish to 
dwell, but rather to recall his personality that the memory of it may 
remain always with us. His white hair; his kindling, eager, but thought- 
ful eyes; his tender, gentle smile; his reticence of speech; his considera- 
tion for others; his generosity and courage; his hospitality and gracious- 
ness as a host; these endeared him to us all. We shall never forget his 
simple, unassuming, modest manner; his encouraging sympathy; his 
ripe and sane judgment. If when he was alone he lived simply, the 
absorbed student of science, when with his guests in his home he was 
the embodied spirit of hospitality. 

His great influence as a teacher is due in part to his fine example and 
noble ideals, and in part to his habit of picking out young men, who 
showed any love for science, inviting them to his home, drawing them 
out, encouraging them and giving them his friendship. Many of them 
he helped financially, and all of those fortunate to work near him owe 
him a debt of gratitude for his sympathy and inspiration. Probably 


no teacher in zoology since Louis Agassiz has exerted so great an influ- 
ence on young men. 


He was not a faultless man, but his faults were the outcome of 
his ardent, ideal, uncompromising disposition. He once said to 
the writer, about the year 1906, that he felt he had been too un- 
compromising in his beliefs. But it is questionable whether his 
life would have been so valuable, had his disposition been more 
pliable. The mood in which he made this remark was a rare one, 
and it is to be doubted that even had it been more common he 
could have overcome his native tendency. ‘This quality of course 
made him enemies who sometimes did not hesitate to express 
unfavorable opinions in a more or less open manner. But those, 
who knew Whitman best, know well that he never sought any 
small personal advantage, and that any appearance of neglect of 
small matters was due entirely to his absorption in higher con- 


® Science, N.S., vol. 33, no. 837, pp. 56-58, January 13, 1911. 
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siderations. He had the courage of his convictions and rarely, 
if ever, avoided an issue, turned from an opponent, or shunned 
a fight. 

Although Professor Whitman published relatively few papers, 
he nevertheless occupied a commanding position in science. 
Some of the reasons have already been indicated. His ‘‘eye was 
single and his whole body was therefore full of light;’’ his devotion 
to scholarship was never open to the slightest shadow of suspicion. 
He was continuously engaged in his personal research which dealt 
with the most fundamental problems of biology, and he had 
accumulated vast stores of data, which we hoped he would live to 
publish himself. But apparently he could never satisfy himself 
with reference to the fundamental problems on which his mind was 
fixed; the grand consummation of his work had not come, and he 
could not reconcile himself to the publication of more or less frag- 
mentary pieces of work. His published papers, mostly short, 
are models of condensed thought, written in a fine, polished, 
characteristic style. No less care was devoted to the form than 
to the substance, and some of his papers will certainly endure as 
classics of the biology of his time 

It was, however, not only his publications, but also his work 
with his journal, his laboratory and his students, his constant 
helpful association with other workers, and the example of his 
austere and studious life that brought him recognition. He never 
permitted himself to be distracted by the confusion of modern 
life, social or academic, nor diverted from his steadfast purpose 
by clamor for quick results. 


SICKNESS, DEATH AND BURIAL 


For several years before his death Professor Whitman suffered 
considerably from indigestion, and lost much flesh. He was, 
however, in better health than usual in the fall of 1910. A sudden 
cold wave came on about December 1, 1910, and Whitman spent 
the entire afternoon in his yard putting his birds into their winter 
quarters. In his zeal for his pigeons he forgot about himself. 
The next morning he was found in a state of coma, and pneumonia 
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rapidly developed and brought his life to a sudden and unexpected 
termination on December 6. He, himself, had looked forward 
to at least ten more years of active study, for apart from his 
dyspepsia, which he had learned to control very well, his general 
health was excellent. He thus died unprepared, with work that 
he had carried on up to the last moment in an unfinished condition. 

Memorial services in his honor were held in Convocation Hall 
of the University of Chicago on December 8, and the same evening 
his body was taken to Woods Hole in charge of a committee of 
four appointed by the University, and his two sons. The inter- 
ment took place in the lot of the Marine Biological Laboratory 
in the Episcopal Cemetery at Woods Hole in the presence of a 
small company of scientific friends and colleagues, who came to 
Woods Hole for this purpose, and some of his friends of the 
village. His grave lies almost within sight of the institution which 
he had loved so well, overlooking the harbor. 

At the annual meeting of the Corporation of the Marine Biolog- 
ical Laboratory held in Woods Hole, August 8, 1911, the entire body 
adjourned and marched to the grave of Professor Whitman, where 
a memorial address was read and a wreath placed on the grave. 
Thus those who were unable to attend the interment paid their 
last respects to the memory of the dead leader. 
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INTRODUCTION 


There has been an increasing amount of attention given in the 
last few years to a study of the origin and migration of the sex- 
cells of the vertebrates. The number of forms in which this 
subject has been studied is being constantly extended. While 
much conclusive work has been done, upon the history of these 
cells in the elasmobranchs, and an equal amount in tracing them 
in the teleosts, up to this time, they have never been studied in 
the ganoids. This work was begun over two years ago, and was 
reported at the 1908 meeting of the Association of American 
Anatomists in New York. (Allen, ’09.) 

The material for the present work is obtainable in great plenty 
within less than half a mile of the grounds of the University of 
Wisconsin. Since the breeding habits of these two fishes have 
been thoroughly treated by other writers, it is not necessary to 
redescribe them. Telleyesniczky’s bichromate-acetic fluid and 
Zenker’s fluid have been used as fixing agents and have proved in 
every way satisfactory. One secret of obtaining good sections 
is to secure most thorough infiltration by placing the material 
in a solution of paraffine in turpentine. While turpentine has a 
bad reputation, no deleterious effects were noted in the course 
of the work. Paraffine sections were made without difficulty 
7u and 10u thick, and were stained, for the most part, in haem- 
alum and orange G. Heidenhain’s iron haematoxylin stain was 
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sometimes used for the later stages, but showed no superiority 
over the haem-alum. In the earlier stages of development it 
could not be used at all, owing to the deep stain that it gives the 
yolk material. 

With the abundance of material and the amount of time given 
to the work, it was possible to make a careful study of a large 
series of stages, much larger than it has been found necessary 
to use in the preparation of this paper. 

It is not necessary to enter into a detailed account of the 
earlier work upon the origin of the sex-cells, because that has 
already been done in earlier writings. Since the author’s articles 
on the sex-cells of Chrysemys and of Rana, some important papers 
have made their appearance, which, with one exception, bear 
out in a most gratifying manner the conclusions expressed by the 
writer in the two papers mentioned above and in somewhat less 
confident manner in the earlier writings of Wheeler, Woods and 
Beard. 

These papers will be discussed in the light of the facts set 
forth in this paper in the last part of this article, since they are 
to be considered in a more or less controversial manner. 


OBSERVATIONS UPON LEPIDOSTEUS OSSEUS 


Lepidosteus, 4 mm. total length. Cells which appear to be sex- 
cells lie in the ventral portion of the single layered gut entoderm. 
They can be but dimly distinguished from the other cells of the 
entoderm among which they lie. They have a more spherical 
shape than the other entoderm cells, never being flattened as the 
neighboring cells frequently are. Another difference lies in the 
fact that the sex-cells contain more and decidedly larger yolk 
spherules than do the adjoining entoderm cells. Unfortunately 
these differences are masked by the large quantities of yolk 
found in the entoderm at this stage. This is true to so great an 
extent than one can not be certain at this stage as to the identity 
of the cells in question. At this period the hind gut has a much 
greater diameter than it has at later stages. At a point one- 
quarter the distance from its cranial to its caudal end it has a 
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dorso-ventral dimension of .24 mm. and a transverse diameter 
of .20 mm. 

Lepidosteus 6.8 mm. total length. In a similar part of the hind 
gut of a specimen 6.8 mm. in length the dorso-ventral dimension 
of the gut endoderm is .084 mm. while the transverse dimen- 
sion is .056 mm. The total length of the hind gut in this later 
stage is 1.70 mm. as compared with .76 in the 4 mm. embryo. 
It is seen that there has been a very decided diminution in the 
diameter of the gut, and, furthermore, that this is out of proportion 
to the increase in length. It is correlated with a thickening of the 
gut wall, due to the drawing together of the component cells. 

In the 4 mm. stage the gut entoderm was composed of a single 
layer of cells, while in the 6.8 mm. stage under consideration its 
lateral and ventral portions are made up of two, and in some places 
three irregularly arranged layers of cells, while the dorsal wall 
is made up of a single layer as in the 4 mm. stage. Two series 
chosen from several of this stage may be taken as showing typical 
differences. Both show an advance over the preceding stages 
in the greater ease with which the sex-cells may be distinguished. 
This is due to the contrast between the ordinary entoderm cells 
in which a considerable amount of the yolk material has been 
absorbed and ‘the more rounded yolk-filled sex-cells. In neither 
embryo has the process of sex-cell migration commenced. This 
is clearly evident in one, while in the other there are a very few 
scattered yolk-filled cells of rather problematical character in 
the loose mesenchyme above and at the sides of the gut entoderm. 
One striking individual difference between-these two specimens 
is found in the fact that while in one the sex-cells have retained 
their primitive position in the ventral and lateral portions of the 
gut entoderm, in the other they have migrated up into its dorsal 
portions. Although it is somewhat difficult to establish with 
absolute certainty this migration from the ventral to the dorsal 
portions of the gut entoderm owing to the difficulty of distin- 
guishing the sex-cells in the preceding stages, the individual 
differences in this regard observed in this stage, together with 
the fairly reliable observations upon earlier stages seem to point 
to an actual migration of this character. 
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Lepidosteus 7.3 mm. total length. In the single series of 7.3 
mm. embryos the sex-cells in general still occupy the ventral and 
lateral portions of the gut entoderm, having come to lie in the 
dorsal wall at only a few points, especially toward the cranial 
end of the hind gut. A very few sex-cells are found to have 
migrated into the loose mesenchyme between the gut entoderm 
and lateral plates of mesoderm, occupying positions in it lateral 
and dorsal to the latter. These migrant cells are merely the 
precursors of a general migration which does not become con- 
spicuous until the embryo has reached a length of 8.5 mm. 


TABLE 1 
Number of sex-cells in Lepidosteus 
NUMBER 
STAGE TOTAL 
Entoderm Mesoderm 

mm | 

6.8 No count | 15 

8.6 to 73 

O52 os 136 

9. 3A ce 41 

9.3B cG 311 

973 '€ ce | 425 

10.7 133 | 674 807 

| a priiis | Root R. L. 

12.0 125 104 | 163 180 179 751 
hall 128 Re SEs ON 37 197 153 737 
17.0 No count | | 262 235 

18.0 Je | | ial 173 
24.0 af | ee ate / 154 

 ‘Int.—Intestine. Los R.—Right sex-gland. 
Root—Root of mesentery. L.—Left sex-gland. 


Lepidosteus, 8.6 mm. total length. Passing over several interme- 
diate stages studied, the conditions found in aspecimen 8.6 mm. 
long may be described. At this stage the lateral plates of meso- 
derm are just beginning to split and to form the coelomic cavities 
(fig. 7). The interval between the plates is filled with loose 
mesenchyme, of which that portion lying between the gut ento- 
derm and the aorta will later be condensed by the apposition of 
the lateral plates of mesoderm in formation of the mesentery. 
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It will be seen by comparing the figures drawn to scale that the 
mesentery is at this stage not only relatively but actually much 
thicker than it is during later stages. The accompanying table 
serves to show the number of sex-cells and their distribution in 
certain stages. ) 

In this specimen 73 sex-cells have already migrated out of 
the gut entoderm into the surrounding mesoderm tissues. While 
most of them have migrated upward into the loose mesenchyme 
and splanchnopleuric mesoderm of the anlage of the mesentery, 
a few have passed laterally into the portions of the splanchno- 
pleuric mesoderm that enter into the formation of the intestinal 
wall. While the migration of the sex-cells is seen to be well 
under way at this stage, the great majority of them still remain 
in the dorsal portion of the gut entoderm. Very few, indeed, 
are to be found in the ventral half at this stage. The sex-cells 
of the gut entoderm are easily distinguishable from the other 
entoderm cells; the latter have lost very nearly all of their yolk 
material and have become cylindrical in shape. These features 
stand out in sharp contrast to the large yolk content and spherical 
form of the sex-cells. 

The migration of sex-cells from the gut entoderm into the 
mesenchyme dorsal or lateral to it may be clearly seen at a few 
points, as illustrated in figs. 7 and 8. They retain for the most 
part their spherical form, but cases like that shown in fig. 7 
can be readily found. The shape of this sex-cell clearly indicates 
the mode of progression. They, undoubtedly, pass through the 
loose network of mesenchyme by an amoeboid movement, how- 
ever slow or intermittent it may be. 

In this stage sex-cells are found in the hind gut from its cranial 
end to within .2 mm. of the cloaca, a distance of 2.6 mm. 

Lepidosteus 9.2 mm. long. The number of sex-cells that have 
migrated out of the gut entoderm is 136 in this specimen. The 
number of these is still increasing but solely by migration from 
the entoderm, since there is no evidence of division of the sex- 
cells during these stages of sex-cell migration. 

In this stage the coelomic cavities have appeared in the dorsal 
portion of each lateral mesodermal plate and the mesentery is 
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consequently much more clearly defined. In three specimens 
9.3 mm. long the following counts of sex-cells outside of the gut 
entoderm were made: 


A = 41 B = 3ll C = 425. 


A and C are extreme cases, indicating that the process of 
migration is an irregular one in point of time. The mesentery 
in specimen A is .46 mm. wide. 

In specimen C those sex-cells destined to migrate out of the 
entoderm have for the most part already done so, while in A, 
an embryo of the same stage, the process is just beginning. 
The coelome is least developed in A and furthest advanced in C. 
This would indicate that the extent to which the migration of 
sex-cells has been carried on is correlated with the degree of 
development of the mesentery, resulting from the enlargement of 
the coelomic cavities. While these three specimens belong, no 
doubt, to slightly different stages of development, they were very 
carefully matched as to length, and are most certainly of the same 
age. 

Lepidosteus 10.7 mm. total length. At this period of develop- 
ment, the mesentery is well formed, being muchthinner (.18 mm.) 
than in the 9.3 mm. stage. This results in its possessing a denser 
texture (fig. 9). The great majority of the sex-cells are scattered 
through the mesentery, showing no definite arrangement; but 
lying for the most part in the mesenchyme enclosed between the 
somewhat denser splanchnic layers of mesoderm. A few are 
found in the mesodermal layers of the intestine, while a fairly 
considerable number have remained in the gut entoderm. At 
this time such sex-cells as are found in any but the dorsal wall 
of the intestine, at its junction with the mesentery, are most 
probably destined to remain in their present positions. A few 
of the sex-cells have migrated to places immediately dorsal and 
lateral to the root of the mesentery. The latter may be con- 
sidered to have reached the sex-gland anlagen, although their 
position relative to the root of the mesentery will be shifted, as 
we shall see, in the later stages, probably by a general shifting 
of the tissues in which they lie. 
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The number of sex-cells which have migrated from the ento- 
derm is found to be 674. It can be fairly taken as the number 
destined to undergo migration from the entoderm in this par- 
ticular individual. Those still remaining in the entoderm num- 
ber 133. | 

A few scattered sex-cells are found as far forward as the cranial 
end of the hind gut. The latter is 3.41 mm. in length. Opposite 
to the cranial portion of the hind gut the sex-cells are rather 
sparse, Increasing in number as one follows the series caudally. 
They become most numerous a short distance caudal to a point 
two-thirds the distance from the cranial to the caudal end of the 
hind gut. The last one in the mesoderm is found at a distance 
of .46 mm. from the cloaca, and the last one in the entoderm 
lies at a point .27 mm. from the cloaca. 

Lepidosteus 12 mm. total length. At this period migration of 
the sex-cells has progressed to the point where most of them have 
reached their final positions. They are still to be seen in the 
entoderm. This number (125) is quite close to that (133) of 
the similarly situated sex-cells of the preceding stage. The 
density of the mesodermal tissues surrounding the gut entoderm 
makes it seem quite unlikely that any more sex-cells could mi- 
grate into them from this source. 

The distribution of the sex-cells is as follows: 


Gut entoderm..... thes Ce, ore a oe 125 
Mesoderm of intestinal wall and 
INES emt Cryer eras cen cha ale ss 104 > 392 outside of sex-gland anlagen. 
Root of mesentery between sex- 
gland! Janlagemn.yoss.b a oaemer 3 os os 163 
iG SOKO LANG 2. ke so cure Ps whe ele » oe 180 


eee 
felt sex-gland... +s. sc. 0... 179 f 359 in sex-gland anlagen. 


The table may be allowed to speak for itself. The sex-gland 
anlagen grade into one another by an intermediate region at 
the root of the mesentery. More or less arbitrary limits had to 
be assumed to distinguish between these three regions. In 
later stages, illustrated by the 17 mm. stage, fig. 11, we shall see 
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that the sex-cells undergo lateral migration, either apparent or 
real, so as eventually to lie at some distance on each side of the 
median point. 

The narrowest portion of the mesentery is at about one-quarter 
the distance from its origin to its insertion. Its minimum width, 
as measured here amounts to .028 mm., thus showing a great 
reduction as compared with the 10.7 mm. stage. This reduction 
in width is shared by the entire mesentery, certain regions remain- 
ing broad only on account of the enclosed blood vessels. No 
doubt the migration of the sex-cells out of the mesentery is in 
large part responsible for this, but a considerable share of it must 
be ascribed to the fact that there has been a tendency for the 
tissues to become more compact. 

The total length of the hind gut at this stage has reached 4.03 
mm. Sex-cells are found in the entoderm at its cranial end, and 
from there extend to within 0.62 mm. of the cloaca. The dis- 
tribution of sex-cells within the sex-gland anlagen is somewhat 
more restricted, since they extend from a point 0.31 mm. caudal 
to the beginning of the hind gut, to a point 1.00 mm. cranial to 
the cloaca. They are rather sparse at these two extremes. 

As in the preceding stages, there is no clear evidence of division 
of the sex-cells, although one can not be absolutely certain upon 
this point. While at this time many are free from yolk material, 
others show but little diminution of it. It is true that the sex- 
cells are often found arranged in clusters, but there is no evidence 
to show that these are due to repeated division of a parent cell 
rather than to a tendency for them to congregate through mutual 
attraction. What the nature of this attraction might be, we do 
not know; but it might well be akin to that influence which causes 
the sex-cells to migrate toward the sex-gland anlagen from their 
source. Similar clusters of sex-cells were found in early stages 
in Chrysemys. 

Lepidosteus 14.1 mm. total length. Little radical change is to 
be seen in this stage. The sex-cells were counted and gave the 
following results: 
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Gutentod ern .0 <7 ql de cae 128 
Mesoderm of intestinal wall and 
MERCMLENY 1 is.ge ee uk eae es 222 > 387 outside of sex-gland anlagen. 
Root of mesentery between 8. G. 
anlavenis: i. chageeetig serene 37 
Right sex-glam dls. sot hecsas eae 


197 \350 in sex-gland anlagen. 
ett nexer land ..n s24.ce cee 153 f 


There is a strikingly close correspondence between the results 
of the count in this specimen and those in the preceding one. 
Attention may be called to the fact that in this specimen a 
materially greater number of sex-cells is found in the right sex- 
gland than in the left. At the same time there is a very close 
correspondence in the total number of sex-cells that have reached 
the sex-gland anlagen as compared with the total number in the 
12.0 mm. stage (359). 

Lepidosteus 17 mm. total length. In this specimen those sex- 
cells destined to occupy the sex-glands are seen to have migrated 
some distance to each side of the root of the mesentery, fig. 11. 
Their position relative to the root of the mesentery and to the 
Wolffian duct varies at different points along the sex-gland 
anlage. In the most cranial portion of the latter they le just 
medial to the Wolffian duct. As one follows the sex-glands 
caudally, the sex-cells are found to lie closer and closer to the 
mesentery, being situated midway between the latter and the 
Wolffian duct in the middle region of the sex-gland anlage. The 
most caudally situated sex-cells lie close to the root of the mesen- 
tery. 

In this and the succeeding stages the intestine had become so 
voluminous as to make the counting of the sex-cells in its walls 
very difficult and inaccurate. It is in fact not easy to distin- 
guish them from the cells of the gut entoderm because of their 
rather small size and their entire lack of yolk material at this 
stage. 

The total number of sex-cells in the sex-gland anlagen of this 
specimen is rather high, there being 235 in the left sex-gland and 
262 in the right. The total number is 497. 
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The slightly greater number of sex-cells in the sex-glands of this 
specimen as compared with that in the previous ones is of little 
significance. It most certainly does not indicate that there has 
been any extensive division of them. In a previous work upon 
Chrysemys, (Allen ’07), it was shown that there was an extreme 
amount of individual variation in the number of sex-cells. This 
variation in Lepidosteus is relatively slight compared with that 
observed in Chrysemys. In a specimen slightly older than this 
stage (18 mm.) there were 171 sex-cells in the right sex-gland, 
and 173 in the left one, the total number, 344, being not far from 
the average. 

In these two stages, 17 and 18 mm., the sex-cells usually occur 
singly, although in places they are aggregated into clumps so 
thick as sometimes to show as many as five or six in a section 
of one of the sex-glands. Whether the sex-cells occur singly or 
in clumps, they are surrounded by peritoneal cells which con- 
tribute materially to the formation of the ridge-like anlage of 
the sex-gland. 

Lepidosteus 24 mm. total length. In aspecimen of this length, 
fig. 12, there is no essential advance in the development of the 
sex-gland. There were 147 sex-cells in the right sex-gland, and 
154 in the left one. The total number, 301, is distinctly below 
the average. 

Comparison with other forms leaves no room for doubt as to 
the identity of these sex-cells. Since the aim of this paper is 
merely to trace out their origin, we will not follow them through 
later stages in their history, but will describe the conditions found 
in a specimen 110 mm., in length, fig. 13. A complete series of 
sections through the sex-gland region of this specimen was not 
made, so it is impossible to give a full account as to the number of 
sex-cells and general condition of the sex-gland at this time. 
In running through the series one is struck with the sparseness 
of the sex-cells. Never are more than two or three to be found 
in a single section, and often none at all. This would lead one 
to infer that there has been little or no multiplication B the sex- 
cells even at this late stage of development. 
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A glance at table 2 shows that there is a general tendency to a 
reduction in the average size of the cell body in the later stages. 
This may be due to the absorption of the contained yolk material. 
There is no marked change in the size of the nucleus. 


TABLE 2 


Dimensions of sex-cells of Lepidosteus 


CELL BODY 
Stage Nucleus LARGEST SMALLEST AVERAGE 
mm. 

8.6 | 6.04 | 15.10 | 12.08 13.74 
9.3 6.04 | 18.12 12.08 | 14.95 
10.7 6.04 1520 11.32 | 13,59) « 
14.0 | 5.81 12.08 9.06 | 10.27 
17.0 | 6.04 13.59 | 9.06 | 163 
24.0 | 5.81 9.06 | a5 | 8.65 
110.0 | 6.53 14.50 9.22 12.40 


AMIA CALVA 


Amia 4 mm., total length. In the text figure A is shown a 
transverse section of an Amia larva of this stage. It will serve 
as a starting point from which we shall proceed to consider still 
earlier stages in tracing out the earliest phases in the origin and 
migration of the sex-cells. The section shown is taken ‘just 
anterior to the hind gut, the gut entoderm being clearly marked 
by its greater thickness and dorsal curvature. The cavity of the 
intestine at this point opens into the large sub-germinal cavity. 
The extra embryonic portions of the entoderm, 7.e., those which 
do not form part of the anlagen of the alimentary tract and its 
appendages can logically be divided into four different regions: 
(1) The roof of the sub-germinal cavity which is distinguishable 
from the gut entoderm, as indicated; (2) The layer forming the 
floor of the sub-germinal cavity; (8) The peripheral layer of 
entoderm lateral to the sub-germinal cavity (peripheral entoderm) ; 
(4) The central yolk mass, or vitellus (vitelline entoderm). In 
the first three of these regions the cells are arranged in a single 
layer. They are characterized by the fact that the yolk spherules 
of the component cells are distinctly smaller than are those of 
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the vitellus, their diameter being from one-quarter to one-half 
of that of the typical spherules to the vitellus. In the latter 
cells are scattered a few of these smaller yolk spherules; but 
the distinction between the first three divisions of the entoderm 
and the vitellus is a very sharp one. 


TEXT FIGURE A 


In connection with this distinction it is interesting to note 
that the yolk spherules along the cleavage planes that cut through 
the vitellus are found to belong to this small type. It is easy to 
see that if the vitellus were cut up into cells as small as those 
comprising portions 1, 2, and 3 of the entoderm, the thickness 
of the layers of small spherules which form merely a border to 
the large cells would be so great as to comprise the entire body of 
the more finely divided ones. This difference in the size of the 
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yolk spherules is then probably associated with the difference 
in the size of the cells. The peripheral entodermal layer which 
we have designated as division three is interrupted latero- 
ventrally by blood vessels lying in the mesoderm. 

The lateral plates of mesoderm have long since broken away 
from the mesoblastic somites. Their inner margins lie at some 
distance to each side of the median line. While there is the 
slightest tendency in places for the splanchnic and somatic layers 
of mesoderm to split apart along the medial margins of the lat- 
eral plates, the remainder of the lateral plates show no indication 
of a splitting, even in the arrangement of the nuclei. It is, how- 
ever, quite probable that such a plane of cleavage is already laid 
down. This is shown by the sex-cells (text fig. A) being imbed- 
ded in the lateral plates. When the somatopleure and splanchno- 
pleure separate later, these will be found to lie in the coelomic 
cavity, being for a time merely adherent to the coelomic sur- 
face of the medial portion of the somatic mesoderm. One can 
fairly assume that during the period of migration, represented by 
fig. 5, the sex-cells push their way between the two layers of 
mesoderm following the potential cleft that separates them. 

Text fig. A is very suggestive, as it shows sex-cells situated at 
intervals from a point just beyond that at which the roof and 
floor entoderm join the peripheral entoderm. The path of their 
migration is thus clearly marked out. In this figure it should be 
noted that the most laterally situated sex-cell lies in the ento- 
derm, while all of the others are clearly imbedded in the lateral 
plates of mesoderm as already indicated. In but one or two of 
the many specimens examined were there any sex-cells found in 
the roof or gut entoderm. They arise in the peripheral entoderm 
from which they migrate into the lateral plates of mesoderm and 
through them to their medial borders, whence, as I shall later 
show, they pass into the sex-gland anlagen after the formation of 
the coelomic cavity. 

The total number of sex-cells found in the mesoderm of the 
specimen of this stage was 87. Of these 40 were found on the 
right side and 47 on the left. Text fig. A will indicate their dis- 
tribution. 
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Table 3 serves to show for purposes of comparison the num- 
bers of sex-cells found in different specimens of Amia. 


TABLE 3 


Number of sex-cells in Amia calva 


NUMBER OF SEX-CELLS IN MESODERM 
STAGE SPECIMEN | 
ihe ie Total 
Hours. mm. | | | 

132 | A None None | 0 
132 B None None 0 
132 C None None | 0 
132 D None None 0 
137 A ve 4 11 
137 B 9 7 16 
Bi C 21 8 29 
147 A 15 Ti 22 
147 B 14 17 31 
147 C 22 ul 33 
147 D 48 18 66 
147 E 39 28 67 
147 | F 50 26 76 
155 3.0 15 34 49 
3.4 62 41 103 

3.5 | A 39 53 92 

a5) B 59 48 107 

Ball A 42 30 | 72 

30 | B 45 47 92 

4.0 40 47 rf 

5.0 23 20 43 

5.6 42 56 98 

6.0 28 34 62 

a0 38 36 74 

h26 33 42 75 

9.1 36 40 76 

ili 4! 28 54 82 

15 RO A 28 49 ha 

15.0 B 38 45 83 

16.0 A 19 14 33 

16.0 B yy) 17 39 

16.0 C 99 

eT 47 55 102 


This stage is a convenient starting point from which to proceed 
in the study of earlier stages. 
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Amia 3.7 mm. total length. The conditions are, in the main, quite 
similar to those found in the 4mm. stage. Inoneof the two speci- 
mens (B) in which the sex-cells were counted there were 92 sex- 
cells in the mesoderm and 10 in the entoderm. Although this 
total number of 102 is greater than the number found in the 4 
mm. stage (87), yet, as shown in table 2, no significance is to 
be attached to this on account of the great individual variation 
in the number of sex-cells observed, not only in Amia, but also 
shown by the author to be so obvious in the turtle, Chrysemys. 
In A of this stage, 72 sex-cells were found, 42 on the right and 
30 on the left side. 

Amia 3.6 mm. total length. Two larvae of this stage were stud- 
ied. It was rather difficult to measure the specimens accurately, 
owing to the fact that the caudal portion of the body free from 
the yolk has a strong ventral bend. It can be straightened out 
only in later stages. The two specimens of this length were taken 
from the same nest and both are distinctly younger than the pre- 
ceding, yet they showed decided differences from one another in 
the positions occupied by the sex-cells, probably owing to the 
fact that this, in all likelihood, is the period of their most active 
migration. In specimen A the sex-cells are quite numerous in 
the portion of the lateral plate of mesoderm, which lies imme- 
diately above the border of the subgerminal cavity. They occur 
in fair numbers in the mesoderm between this region and a point 
one-half the distance from this point to the median edge of the 
lateral plate of mesoderm. Only three were found nearer the 
median line than this. Of these, one had scarcely passed the 
midway point, one was still some distance from the median edge 
of the lateral plate, while one had actually reached that point. 

In specimen B of this stage a large proportion of the sex-cells 
have reached the median edge of the lateral plate of mesoderm 
of each side. This is especially noticeable on the right side. The 
conditions in this specimen approach those described for the 4 mm. 
stage but do not show quite such an advanced condition, owing 
to the fact that a larger proportion of sex-cells are scattered along 
the outer portions of what we may call the sex-cell path. There 
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were noted two or three instances in which the sex-cells were 
migrating from the peripheral entoderm into the mesoderm. 

Amia, 3 mm., total length; 155 hours. Inaspecimen of 3.0 mm. 
total length, the free caudal portion has but recently separated 
from the vitelline mass, and has attained a total length of .56 mm. 
By comparison with a number of embryos of 132, 187, and 147 
hours old, the age of this embyro was estimated to be very close 
to 155 hours. This estimate was made by counting the number of 
sections passing through the posterior part of the embryo free from 
the yolk mass. Sufficient numbers of embryos were used to give 
a fairly accurate determination, there being seven specimens of 
the 147-hour, three of the 137-hour, and two of the 132-hour 
stages studied. 


TABLE 4 


The numbers of sex-cells in each were as follows: 


RIGHT SIDE LEFT SIDE | TOTAL 
LESBIAN 2 4 8 peda) ec 39 53 92 


Tass agen aves «2 ae 59 48 107 


There were 49 sex-cells counted in the 3 mm., 155-hour embryo. 
This, it will be seen, is decidedly below the average and yet the 
number is greater than that found in the 5 mm. stage and in 
the much later 16 mm. specimens. 

Only two of the sex-cells have migrated a very short distance 
along the lateral plate of mesoderm, beyond a point overlying 
the lateral boundary of the subgerminal cavity; the remainder 
of them all lie lateral to it. It will thus be seen that they show 
a much earlier phase of migration than that observed in the 3.5 
mm. embryo, not only as regards the number that have migrated 
into the mesoderm, but likewise in the distance through which 
they have travelled in their journey in that layer toward the sex- 
gland anlagen. 

Amia, 147 hr. stage. That there is a great amount of individ- 
ual variation in the rapidity with which this migration from the 
peripheral entoderm to the lateral plates of mesoderm is accom- 
plished may be readily seen by referring to the numbers counted 
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in the mesoderm of seven specimens of the 147 hour stage. These 
specimens were all taken from the same nest and kept in the 
same dish, so there can be but very slight difference in their ages, 
due, if it exists, to the small difference in the time at which the 
eggs were laid. It will be seen that the total number of sex- 
cells in the entoderm in these spectmens varies from 22 to 76. 
The latter number is not only greater than that observed in the 
3 mm., 155 hour stage, but almost equals that counted in many 
specimens of older stages after migration has been completed, 
as, for instance, the 11.4 mm. and 15 mm. stages (see table). 
In this stage clearly defined sex-cells can be seen in the peripheral 
entoderm just below the lateral plates of mesoderm, figs. 16 and 
17. These cells are distinguishable from the other entoderm 
cells among which they lie, by the greater size of their contained 
yolk granules as contrasted with the small size of the yolk granules 
in the other cells that make up this layer. The difference is 
further marked by the more rounded form of the sex-cells. Com- 
parison of these sex-cells in the peripheral entoderm shows them 
to be identical with other more clearly defined sex-cells in the 
mesoderm. Of this identity there can be no question, and it is 
equally clear, from a study of later stages, that these cells, having 
once migrated into the lateral plates of mesoderm, pass unaltered 
along the latter to come finally to rest in the sex-gland anlagen. 
There can be no doubt about the origin of the sex-cells from the 
entoderm. A number of cases were observed in which the sex- 
cells were actually in process of passing from the peripheral ento- 
derm into the lateral plates of mesoderm. 

At this stage, sex-cells have a wide distribution in the periph- 
eral entoderm, being scattered through a region extending 
from a point opposite to the region where the blood cells originated 
to the junction of the peripheral, sub-germinal and roof entoderm. 
In three specimens of the 137 hour stage, conditions are quite 
similar to the foregoing. In these embryos the number of sex- 
cells ranged from 11 to 29. It will be seen that the maximum 
number of sex-cells counted in this stage is greater than the 
minimum number of the 147 hour stage, although in all three of 
these 137 hour embryos, the caudal end of the embryo, that part 
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that has been lifted off the yolk, is decidedly shorter than in any 
of the 147 hour specimens. 

Amia, 182 hr. stage. In four specimens of the 132 hour stage, 
the caudal end of the embryo was just ready to undergo separa- 
tion from the yolk. Only in one of them had this really com- 
menced, the separated portion having reached a length of but 
20u. Not one of these four specimens showed a single sex-cell in 
the mesoderm. ‘There can be no question upon this point because 
they could be very readily detected if present. In the 137 and 
147 hour stages those that migrated into the mesoderm stand out 
most clearly and sharply from the surrounding mesodermal cells. 
The points of difference between the two kinds of cells are very 
striking and unmistakable. The sex-cells on the one hand are 
large, spherical, have sharply defined boundaries, and are filled 
with large oval yolk grains; while the mesodermal cells are small, 
flattened, syncytial, and contain a very few minute yolk granules. 

It is very much more difficult to trace the earlier history of the 
sex-cells in the peripheral entoderm, owing to the slight differences 
that may be taken as criteria in distinguishing them from the 
neighboring entoderm cells. Numbers of cells with all the 
characteristics of sex-cells are found just beneath the anlagen 
of the blood masses. This stage is just before the development 
of blood vessels within the embryo, and the blood-forming cells 
occur in the form of two sharply limited bands, one on each side 
of the embryo and at some distance lateral to it. Here and 
there, sex-cells are found in the peripheral entoderm, medial to 
these areas; but clearly defined cases of this sort are rather rare 
as compared with the large number seen in this region a little 
later in the 147 hour stage. It is quite likely that many of these 
sex-cells are overlooked at this stage owing to the fact that the 
neighboring entodermal cells contain rather large yolk grains at 
this time, while those seen in these cells in the 147 hour stage 
are much smaller than at this stage. 

It is quite possible that the sex-cells may migrate medially 
in the entoderm from an entodermal source beneath the blood 
anlagen to various points between this region and the edge of 
the sub-germinal cavity. It is possible that a large proportion 
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of them may have developed in the peripheral entoderm through- 
out this entire extent. On the other hand, it is also possible that 
sex-cells may migrate up into this region from the central ento- 
derm beneath. 

We have traced the history of the sex-cells from the 4 mm. 
stage where they are readily identified by any one who has had 
any experience in observing these cells, back to the earliest stage 
at which they are distinguishable in the entoderm. We shall 
now follow them up to the period when they are enclosed in the 
definitely formed sex-glands and finally to the stage at which 
they are found to have begun to increase in number. 

Amia 5 mm., total length. Passing from the 4 mm. stage to 
the next represented in our series, 5 mm., we find that the sex- 
cells have made but little progress in their migration toward the 
median edge of the lateral mesodermal plates. The total number 
of sex-cells counted in this stage was surprisingly small, being 
43 as compared with 87 in the 4mm. stage. This difference in 
number is probably due to individual variation. The hind gut 
has materially lengthened, being 1.3 mm. in length, compared 
with .88 mm. in the 4 mm. stage. There has been a corre- 
sponding increase in the length of the region over which the sex- 
cells are distributed. In the 4 mm. stage they extend from a 
point 0.06 mm., in front of the beginning of the hind gut, cau- 
dally to a distance of 0.35 mm. In the 5 mm. stage that we are 
considering, this region begins at the same point relative to the 
hind-gut and extends caudally for 0.50 mm., one isolated sex- 
cell being found at a distance of 0.57 mm. behind the cranial limit 
of their distribution. 

In the more caudal portion of this region the splanchnic and 
somatic layers of mesoderm have begun to separate to form the 
coelome. This separation does not at first lead to the formation 
of a continuous cavity but rather to a series of isolated, some- 
what rounded cavities. Further caudad, the coelome becomes 
more and more completely developed, appearing as a large cav- 
ity on each side. 

Amia 6 mm., total length. At this time the first sex-cells appear 
in the splanchnopleure just at the entrance of the hind gut. 


20 BENNET M. ALLEN 


The first sex-cells in the somatopleure are found in the sex-gland 
anlagen a short distance (0.04 mm.) behind this point. The sex- 
cells are distributed somewhat irregularly from the cranial end 
of the hind-gut to a point 0.90 mm., caudad to this point and 
there are a few scattering sex-cells still further caudad than this. 

The coelome is apparent as a continuous cleft on either side 
of the hind-gut along the entire extent of the region occupied 
by the sex-cells. The majority of the sex-cells are to be found 
in the dorso-medial extremity of the coelome, 7.e., near the 
root of the mesentery. A few lie lateral and ventral to the 
intestine. The coelomic cleft has not as yet become wider than 
the diameter of the average sex-cell and we consequently see 
them usually bridging across it, fig. 18. In no case have they 
penetrated into the somatic mesoderm as we find them doing 
later. One sex-cell was found in the gut-entoderm, whither it 
may have migrated from the mesoderm. It is, on the other hand, 
quite possible for it to have migrated in the entoderm in the man- 
ner of sex-cell migration in the turtle. This is a point of minor 
significance and an occurrence which is at best very infrequent. 

Amia, 7 mm., total length. Up to this time, the mesentery 
has been only potentially present, the two lateral plates of meso- 
derm being in contact above the gut-entoderm. Now, however, 
we find that it has begun to elongate and become thin. This is 
naturally correlated with the increase in the extent of the coelome, 
fig. 19. Two well defined sex-cells are found in the gut-entoderm, 
0.06 mm., cranial to the opening of the hind-gut. These are to 
be interpreted in the same way as the cell in the entoderm men- 
tioned above. The first sex-cell occurring in the mesoderm is 
found 0.08 mm. caudad to the beginning of the hind-gut. The 
sex-cells are distributed through a region extending from a point 
immediately back of the opening of the hind-gut to a point 1.05 
mm. behind it, with a few scattering ones behind these. The 
total number of sex-cells is 74. 

Amia, 9.1 stage. Sex-cells first appear .18 mm. cranial to 
the opening of the hind-gut. They extend from this point to a 
point 1.59 mm. caudad to this, giving a total extent of 1.67 mm. 
The total number of sex-cells counted at this stage amounted to 
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76. Of these all were in the sex-gland anlagen except three; one 
of which occurred in the gut-entoderm and two in the parietal 
peritoneum. I am inclined to consider it unlikely for these mis- 
placed sex-cells to reach the sex-glands. One is struck, however, 
with the great difference in the relative number of misplaced sex- 
cells in Amia as compared with Lepidosteus. This may be 
apparent rather than real, owing to the possibility that in Amia 
large numbers of them may have failed to migrate from the ento- 
derm into the mesoderm during early stages. Owing to the diffi- 
culty of certainly distinguishing sex-cells in the entoderm from or- 
dinary entoderm cells, it was quite impossible to make any count 
of those left behind in migration. All but avery few, however, that 
reach the mesoderm succeed, as we have seen, in reaching the sex- 
gland anlagen. A considerable number of cells seen in the ento- 
derm in later stages contain small yolk spherules and show other 
points of resemblance to sex-cells. In this stage the mesentery 
has become quite lengthened and the coelome very large. The 
sex-cells have penetrated into the root of the mesentery, fig. 
20. 

The sex-cells, with rare exceptions, still contain large quanti- 
ties of yolk material. In these exceptional cases a finely granular 
appearance gives at least the suggestion of small unstained yolk 
spherules. The yolk appears in the shape of particles varying 
in size from small granules up to large lemon-shaped pieces quite 
as large as those with which the cells of the yolk entoderm are 
so completely filled. 

Amia 11.4 mm., total length. The sex-cells are fairly numerous 
over a region 1.85 mm. in length, beginning at a point 0.06 mm. 
back of the yolk stalk and ending at a point 0.85 mm. cranial 
to the cloaca. Two isolated sex-cells are found caudad to the 
point named, one of them occurring very close to the cloaca. 
Their total number in this embryo is eighty-two. The sex-cells 
have much the same characteristics as in the previous stage. 

This stage is marked by a decided increase in the length of the 
mesentery and by a decrease in the size of the yolk-sac, which is 
now but 0.7 mm. in diameter and is greatly hollowed out to 
form a portion of the intestinal wall. 
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While the sex-cells of the 9.1 mm. stage are imbedded in the 
mesoderm at the root of the mesentery and always close to the 
median line, they are found in the 11.4 mm. stage to occupy a 
position a short distance on each side of this point. Not only 
have they moved laterally, but they have also protruded into the 
body cavity, accompanied by a few mesoderm cells which are 
intercalated between them, fig. 21, and surround them with a 
thin peritoneal investment as well. 

Amia 15 mm., total length. In this stage the sex-cells extend 
over a distance of 2.70 mm. in the caudad 0.50 mm. of which 
they are very sparse. The sex-glands protrude further into the 
body cavity than in the preceding stage, and the ligament of 
attachment becomes narrower. The genital ridge is very much 
lower in the gaps between sex-cells than it is in the sex-cell 
regions. In spite of the fact that it may be very low for quite 
a distance, it is continuous throughout. The genital ridges 
diverge quite widely at their cranial ends, approaching the median 
line at a point .4 mm. caudad to their point of commencement. 

The sex-cells have almost uniformly used up their contained 
yolk material, although a few scattered ones are still closely 
packed full of them. The sex-cells in specimen A, numbered 28 
on the right side and 49 on the left, the total number being 77. 
The number of sex-cells in specimen B was 38 on the right side 
and 45 on the left, the total being 83. 

Amia 16 mm. long. In two 16 mm. larvae, conditions very 
similar to those of the 15 mm. stage were found. None of the 
sex-cells contained yolk material in a sufficiently large amount 
to be clearly recognizable. The striking thing about these two 
specimens is the very small number of sex-cells present, 33 in one 
case and 39 in another. There is no indication of degeneration 
or of a failure to migrate to the proper positions.. The case 
seems to be similar to one cited in Chrysemys, both being due to 
individual variation. 

These two specimens were taken from the same brood and no 
doubt had the same parentage. Another 16 mm. specimen taken 
from a different brood showed 99 sex-cells, a number not 
very far below the maximum. From this fact, and from the 
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total absence of any indication of degeneration of sex-cells in these 
or earlier stages, I feel convinced that this small number does not 
indicate any tendency to degeneration of sex-cells. 

Amia, 23.7 mm. total length. In the next stage studied, 23.7 
mm., the sex-cells numbered 102. Here again there is no evidence 
of a change in the number of sex-cells originally present. The 
number, although somewhat high, is exceeded by some of the 
specimens of very much earlier stages. There is no evidence of 
sex-cell division nor of any degeneration. 

Amia, 40 mm. total length. At this stage the sex-gland is 
elongated oval in transverse section. It has become bent over 
in such a way that the proximal edge is medial and the free edge 


TABLE 5 


Dimensions of sex-cells of Amia 


STAGE NUCLEUS CELL BODY 
Hours 

137 | 7.10 18.03 
147 | 6.71 18.70 
mm. 

3.7 | 6.45 21.88 
5.0 6.51 17.80 
9.1 8.00 14.96 
11.4 | 7.48 11.59 
15.0 7.48 12.64 
16.0 7.74 14.06 
23.0 | 7.22 14.20 


lateral in position. The mesodermal cells have increased greatly 
in number. The peripheral cells have become arranged into a 
somewhat poorly defined layer, while the sex-cells le in the in- 
terior of the sex-gland. No attempt was made to determine the 
time at which the sex-cells begin to divide, or to study the further, 
development of the sex-glands. 

Measurements of the nuclei and cell bodies of the sex-cells 
gave the following averages, two diameters being measured in 
each of five sex-cells chosen at random in each stage. 

Although the number of cells measured in each stage is hardly 
sufficient to justify one in considering these average dimensions 
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to have any high degree of accuracy, I feel that we are quite 
justified in concluding from these figures that: (1) there is a fair 
decrease in the size of the cell-body as development proceeds, 
and (2) that there is a slight increase in the size of the nucleus. 

The decrease in the size of the cell-body is probably due to 
the absorption of the yolk material with which the sex-cells are 
so richly filled during the earlier stages. No good explanation to 
account for the slight apparent increase in size of the nucleus 
presents itself. 


DISCUSSION OF RESULTS 


We can not consider this work as completed without making 
a comparison between the sex-cells and the other cells of the 
embryo. This subject will first be taken up in Amia where we 
have traced the sex-cells back to earlier stages than in Lepidosteus. 
It has already been pointed out that the sex-cells, as first seen in 
the peripheral entoderm, are to be distinguished only by the size 
and arrangement of the yolk spherules. The nuclei bear a close 
resemblance to those of surrounding cells of the same size, while 
the larger nuclei of larger cells show many points of similarity to 
them. In all except the earliest stages studied, these nuclei are 
quite rounded. The chromatin appears in the form of slender 
strands that take a peripheral position in the nucleus. There 
is invariably a plasmosome present and rarely two of them. In 
the 147 hour stage the nuclei of the sex-cells bear a resemblance 
not only to those of the neighboring cells but also to those of the 
gut entoderm. In fact, many nuclei of the mesoderm show simi- 
lar characteristics. 

After development has gone a little further, as in the 3.4 mm. 
and 4 mm. stages, the mesodermal nuclei and those of the gut 
entoderm are found to have become smaller and are more deeply 
stained than those of the sex-cells and peripheral entoderm. In 
all of these later stages, which include 5 mm., 6 mm., 9.1 mm., 11.4 
mm. and 16 mm. larvae, these differences are found to increase. 
Although the sex-cells undergo a migration from the peripheral 
entoderm into the lateral plates of mesoderm and through the 
latter to the sex-gland anlagen, they still bear a close resemblance 
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to certain cells of the peripheral entoderm. This not only in- 
volves a similarity of the nuclei but of the dimensions of the cell 
bodies. This is true even after the sex-cells and the correspond- 
ing cells of the peripheral entoderm have lost their yolk through 
absorption. ; 

In the stage of 11.4 mm., the yolk mass has been greatly 
reduced (figs. 25 and 26). Only here and there about its periph- 
ery are cells to be found with well defined outlines. The great 
mass is syncytial, with large nuclei of varying size scattered here 
and there. While these nuclei of the vitelline mass are much 
larger than the sex-cell nuclei, they bear a close resemblance to 
the latter. The nuclei of the well defined peripheral cells are prac- 
tically identical in size and appearance with those of the sex-cells. 

While the similarity between sex-cells and between these two 
classes of cells is not so marked in Lepidosteus as in Amia, yet 
it appears to be equally true. In the 17 mm. stage (figs. 14 and 15) 
the yolk mass is still of fair size. There is a layer of peripheral 
entoderm that is largely made up of cells with clear boundaries, 
whose nuclei are similar to those of the sex-cells in respect to the 
presence and character of the plasmosome and in the form and 
distribution of the chromatin material. In many cases these 
nuclei are larger than those of the sex-cells; but many are found 
which are quite as small. These grade into the very large 
nuclei of the syncytial vitelline entoderm. 

At this stage the tissues of the body have taken on their dis- 
tinctive characters and their component cells have undergone in 
many cases a high degree of specialization. This emphasizes 
strongly the similarity between the sex-cells and the cells of the 
peripheral entoderm. 

As we pass back to earlier stages, such as those of 9.3 mm., 
5.9 mm., ete., we still find this similarity between these types of 
cells, although the nuclei of all the body cells tend to show greater 
and greater similarity to one another in the earlier stages. For 
instance, it becomes quite difficult to distinguish the nuclei of the 
gut entoderm cells from those of the sex-cells. Even the nuclei 
of the Wolffian ducts show quite a close resemblance to the sex- 
cell nuclei during the early stages of development. 
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There are two ways of viewing the similarity that the sex- 
cells of Amia and Lepidosteus bear to these cells of the peripheral 
entoderm. The well defined cells of the peripheral entoderm 
might be interpreted as sex-cells that have failed to migrate into. 
the lateral plates of mesoderm. It would then remain to give an 
explanation of the resemblance that the nuclei of these cells bear 
to the nuclei of the vitelline entoderm and to account for the 
intermediate types of nuclei by which they grade into one another. 

The other view of this problem is to consider sex-cells, periph- 
eral entoderm cells, and vitelline entoderm cells as slightly differ- 
entiated blastomeres, dating from an early stage of development, 
and to consider the similarity that they bear to the cells of 
the peripheral entoderm as due to the fact that they too have 
remained in a relatively slightly differentiated condition. This 
view seems the more probable of the two. It is by no means a 
new one, having been advanced by Nussbaum in 1880. 

It would be rash in the extreme to claim that the sex-cells 
might not differin some essential chromosomal characters from 
the cells of the peripheral entoderm which they so closely resemble, 
and yet careful study has failed as yet to show any real differences. 
While such differences may exist, these cells all have much in 
common with one another. 

In a recent paper by A. P. Dustin (07), this author gives a new 
view of the origin and movements of the sex-cells of Triton alpes- 
tris, Rana fusca and Bufo vulgaris. Since his view is so greatly 
at variance with my own, it will be necessary to review this work 
in some detail. He begins with an account of the sex-cells of 
Triton, and stress is laid upon this form, the author showing a 
strong tendency to bring his studies upon Rana and Bufo into 
line with his work upon Triton. 

He first recognizes the anlage of the sex-cells in the medial 
portions of the lateral plates of mesoderm in the 3 mm. larva of 
Triton. They occur only in the caudal half of the body and 
involve only those parts of the lateral plates of mesoderm lying 
medial to the Wolffian ducts. In the early stages these cells are - 
filled with large yolk spherules and do not greatly differ from the 
mesodermal cells that surround them. At a later period the sex- 
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cell anlagen are pushed together in the median line, between the 
aorta and the roof of the archenteron. They fuse into a median 
longitudinal rod of cells lymg just above the dorsal root of the 
mesentery. By this time the sex-cells have lost their yolk 
material and have, to a large extent, assumed their definitive 
character. During these stages the number of the sex-cells has 
increased from one hundred to one hundred and fifty, occasional 
mitoses being observed. Soon after this stage of the median 
anlage (9 mm.) has been reached, the sex-cells migrate laterally 
to their final positions on each side of the root of the mesentery. 
At the stage of 14 mm., a large number of them degenerate, leav- 
ing only 60. A second generation of sex-cells soon begins to form 
from a source entirely different from the first, namely, from a 
transformation of ordinary peritoneal cells. Dustin is, in this 
regard, quite in accord with Bouin who expressed similar views 
regarding Rana. Dustin considers somewhat more briefly the 
corresponding stages in Rana and Bufo. Here he finds what he 
considers to be a substantially similar source of origin of the sex- 
cells, namely the medial borders of the lateral plates of meso- 
derm. An incredible feature of his account is the statement that 
the lateral sex-gland anlagen contain no sex-cell at all comparable 
in size to those of the yolk-filled entoderm, at the period imme- 
diately prior to their union in the median line. Dustin would 
have us believe, nevertheless, that these selfsame sex-cells show 
a close resembiance to the entoderm cells immediately after this 
union of the lateral anlagen, and this in spite of the fact that both 
of these stages of development are so close together that the 
embryos upon which he made these observations were all of the 
same length. His own statement is as follows: 


‘“Au moment ot les ébauches paires séparées par une sorte de clivage 
des lames latérales du mésoblaste se sont rapprochées de la ligne médiane, 
les cellules sexuelles futures passent par une série de transformations 
cytologiques a la suite desquelles elles auront presque les caractéres des 
cellules de l’hypoblaste vitellin. Les dimensions des corps cellulaires 
augmentent dans de fortes proportions; les grains vitellins deviennent 
beaucoup plus nombreux et plus volumineux; ils se colorent mieux par 
orange G. Par le fait de l’augmentation du nombre des plaquettes 
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vitellines, le noyau, souvent réfoulé 4 la périphérie de la cellule, pré- 
sente 4 sa surface une série d’encoches lui donnant un aspect hérissé 
(p. 476). 


He finds the number of sex-cells in Rana to increase gradually, 
from 75 in the 8 mm. stage to 90 in the 15 mm. stage, at which 
time sex-cells begin to be formed by the transformation of ordi- 
nary peritoneal cells. Simultaneously there is a degeneration 
of sex-cells which is overbalanced by this process of transforma- 
tion. 

In criticism of the above views I wish, first of all, to admit the 
possibility that Dustin may be perfectly correct in his account 
of the origin of the first line of sex-cells from the lateral plates 
of mesoderm in Triton. His account of this feature is circum- 
stantial and rather convincing. His account of a transformation 
of peritoneal cells into sex-cells during later stages is by no 
means so easy of acceptation. His figures to demonstrate this 
are not convincing. 

His counts of sex-cells are not given in any circumstantial 
detail and there is no indication as to whether the number of sex- 
cells recorded for any given stage is the result of a count of the 
sex-cells in one specimen or in several. One can not be blamed 
for being skeptical of the value of such counts if made upon but 
one specimen of each stage, when so few stages are chosen to 
demonstrate general processes of degeneration and new formation. 
Such a process can only be established by a count of the sex- 
cells of numerous specimens. 

I wish to express my complete disbelief in the first appearance 
of the sex-cells in the lateral plates of mesoderm of Rana and 
Bufo in the manner described by Dustin. In my paper upon 
‘“‘An Important Period in the History of the Sex-Cells of Rana 
pipiens” (’07) I showed that the sex-cells migrate upward from the 
median dorsal portion of the gut entoderm at the time when the 
two lateral plates are pushing together to the median line in 
the process of forming the mesentery. Attention was called to 
the resemblance that this process bears to an actual pinching 
off of the mass of sex-cells by the inner margins of the plates of 
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mesoderm. As pointed out in my article, the lateral plates of 
mesoderm, examined immediately before their approximation in 
the median line, show no cells which, as regards size or yolk con- 
tent, in the least compare with the sex-cells. 

It is especially gratifying to me to find support for my views 
in two recent papers. In one of these Kuschakewitsch (’08), 
referring to my paper of a few months before, stated: ‘‘Der Ver- 
fasser hat die Abschnitiring von Dotterzellen lings der dorsalene 
Sagittallinie des Dottersackes im hinteren Teile des Rumpfes 
beobachtet und die Theilname dieser Dotterzellen am Aufbau 
einer kompakten Mesenterial-anlage festgestellt, die Bouin 
(1900)) als “‘ebauche génitale primordiale’”’ aufgefasst hatte. 
Wie aus meiner Schilderung der entsprechenden Vorginge in 
der Normalreihe von Rana esculenta zu ersehen ist, kann ich die 
Angaben von Allen vollstandig bestitigen.”’ 

Another paper, appearing the same year (King, ’08), gives an 
account of the origin of the sex-cells in Bufo lentiginosus which 
is In complete accord with the above, and states: ‘‘Allen’s recent 
account of the origin of the sex-cells in Rana pipiens agrees 
essentially with what I have found in Bufo.” Miss King finds 
no evidence in the course of development of any transformation 
of peritoneal cells into sex-cells as asserted by several writers 
among whom may be mentioned Bouin and Dustin. This is 
quite in accord with my observations upon Chrysemys (’06) in 
which the sex-cells were traced to the period of sexual maturity 
without finding any evidence of such transformation. 

Miss May Jarvis (’08) in a paper upon ‘‘The Segregation of the 
Germ-Cells of Phrynosoma cornutum”’ (preliminary note) finds 
the sex-cells to take their origin in the entoderm of the vascular 
area on all sides of the embryo, even cranial to it, and notes a 
few in the region of the brain. Her results are in their main 
features confirmatory of my own work upon Chrysemys. The 
following quotation from her paper is self-explanatory: ‘‘Through 
the courtesy of Dr. Allen, I have been enabled to examine the 
more important stages in the migration of the germ-cells of 
Chrysemys; they are similar to my own material, as my conclu- 
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sions, although differing from Dr. Allen’s in details of early dis- 
tribution and periods of migration, uphold his.”’ 

Rubaschkin (’08 and ’09) in a couple of recent papers, has 
shown that the sex-cells of the rabbit and guinea-pig are first to 
be found in the entoderm at some distance on each side of the 
hind-gut and that they follow a path almost identical with that 
followed by the sex-cells of Chrysemys. These references to the 
coincidence of the views of other recent writers with my own are 
made to show that I do not stand alone in placing emphasis upon 
the entodermal origin of the sex-cells in the vertebrates. At the 
same time I wish, however, to disclaim any intention of making 
at this time a sweeping claim that the sex-cells of all vetebrates 
arise in the entoderm. Wheeler’s work on Petromyzon (99) 
shows that they may be included in the mesoderm at the time 
when that layer is split off from the entoderm. He has, however, 
pointed out their similarity to the entoderm cells and their dis- 
similarity to the mesodermal cells among which they lie. 

I do not seek to discredit the work of Dustin upon the sex- 
cells of Triton; although his statements about the origin of the 
sex-cells in Rana and Bufo strike me as being very far from the 
mark, because they are so radically at variance with not only 
my own observations, but with those of King and Kuschake- 
witsch as well. Dustin, in his attitude toward the work of others, 
seems to consider that there must be a strict uniformity in all 
forms in both the place of origin and in the movements of the sex- 
cells. He has apparently studied this problem first in Triton 
and at some length. His results, probably correct for that form, 
he has attempted to apply to Rana and Bufo as well, undeterred 
by the difficulties to which attention was called above. Dustin 
is quite ready flippantly to dismiss my work upon Chrysemys, 
because the results there expressed did not coincide with the 
views that he had formed regarding the origin of the sex-cells in 
Triton, Rana, and Bufo.! The process of migration through the 
entoderm is so clear in Chrysemys, that it is unmistakable. 
The sex-cells are not only characterized by their larger size, 


1See postscript. 
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definite, rounded outlines and fine chromatin network, but by 
their large yolk content and the fact that they do not divide 
during the stages in dispute. _ 

The sex-cells are migratory to a high degree. The path and 
time of their migration may vary greatly within a given group 
of animals, as illustrated by the case of Amia and Lepidosteus. 
While in the forms that I have studied they are first to be ob- 
served in the entoderm, I am quite open to conviction that in 
other forms they may migrate from this layer into the potential 
mesoderm before the two layers are separated, as shown by 
Wheeler in Petromyzon. It is even conceivable that they may 
lie, from the very beginning of development, in material destined 
to form mesoderm—that they may never have existed among 
cells actually or potentially entodermal. The more recent de- 
velopment of our work along these lines, however, most cer- 
tainly tends to show that it is usual among the vertebrates for 
the sex-cells to first appear in the entoderm. 


SUMMARY AND CONCLUSIONS 


1. The sex-cells of both Amia and Lepidosteus have their 
origin in the entoderm. In Amia they are first distinguishable 
in the peripheral entoderm from the lateral angle of the subgermi- 
nal cavity to the anlage of the blood cells. 

In Lepidosteus they are first seen in the ventral and lateral 
portions of the gut-entoderm, although analogy with Chryse- 
mys leads us to assume that they may have migrated through 
the entoderm to these regions from more lateral anlagen, similar 
to those from which the sex-cells of Amia arise. In both forms, 
the sex-cells arise only in the region of the hind-gut. None were 
found at any considerable distance in front of it. 

2. The path of sex-cell migration in Amia carries them out 
of the peripheral entoderm directly into the overlying lateral 
plates of mesoderm, along which they travel, to come to rest 
near the medial edges of the latter. These portions are destined 
to join above the intestine to form the mesentery. As the 
splanchnic and somatic layers of the lateral plates of mesoderm 
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split to form the coelome, the sex-cells adhere to the somatic 
layer at a point near the root of the developing mesentery—the 
sex-gland anlage. They later sink into the peritoneum of this 
region, which afterwards proliferates to form a long ridge—the 
sex-gland. Very few sex-cells fall by the wayside in this migra- 
tion, practically all reaching the sex-glands. 

3. In Lepidosteus the sex-cells, first seen in the ventral and 
lateral portions of the gut-entoderm, migrate to occupy a position 
in the dorsal portion of it, from which they pass dorsally into 
the loose mesenchyme that forms the substance of the developing 
mesentery. As the mesentery becomes more narrow and com- 
pact, owing to the increase in size of the body cavity, the sex- 
cells migrate to its dorsal portion and laterally to the sex-gland 
anlagen. Roughly speaking, one-half of the total number of 
sex-cells reach the sex-gland anlagen, the remainder being dis- 
tributed between the intestinal entoderm, the mesodermal layers 
of the intestine, the mesentery and the tissues at and dorsal to 
the root of the intestine. 

4. The number of the sex-cells in Amia and Lepidosteus is a 
matter of individual variation for those periods of development 
during which they do not undergo division. The average number 
in Amia, after the period when the migration from the entoderm 
to the mesoderm has been completed, up to the latest stage in 
which counts were made, was found to be 75. In Lepidosteus it 
was 765, an average of 636 of these occurring in the mesoderm. 

5. There is a close resemblance between the nuclei of the sex- 
cells and of the yolk cells. This is especially true of certain 
cells of the peripheral entoderm, although these grade by gradual 
transition forms into the large nuclei of the vitelline entoderm. 
This is probably due to the fact that both types of ¢ells have 
undergone but little differentiation in the course of development. 


POSTSCRIPT 
A few days before proof of this article came to hand, I received, 


through the courtesy of the author, a reprint of an article by A. P. 
Dustin, entitled, ‘‘L’Origine et Evolution des Gonocytes chez 
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les Reptiles,’ (Archives, de Biologie, 1910). This article deals 
with the origin of the sex-cells in Chrysemys marginata, the form 
which served as a subject for my own work of 1906. As noted 
above, Dustin in his paper ‘‘Recherches sur l’origine des gono- 
eytes chez les Amphibiens”’ 1907, exhibited scant respect for my 
work on the sex-cells of Chrysemys. It was, no doubt, in large 
part, this feeling that prompted him to repeat my work. While 
he, no doubt, expected to find in this form a confirmation of his 
previously expressed views, he is led to substantiate completely 
my statements regarding the entodermal origin of the sex-cells. 
He traces them along the same migration path that I demon- 
strated four years before. For all this he now gives me full credit 
and support; but takes issue with my statements regarding the 
distribution of the sex-cells prior to their migration into the em- 
bryo, and, furthermore, claims to have-evidence to show that 
there is a new formation of sex-cells, due to a transformation of 
ordinary peritoneal cells. These points of controversy and 
certain other minor ones can not be considered here, but I promise 
a full discussion of them in another place. I may say that I am 
fully prepared to maintain my views upon all of the points at 
issue. 

On my part, the work that I have carried on upon Necturus 
since this paper was written, has given me results quite similar 
to those at which Dustin arrived in his work upon Triton. I 
may say that preliminary studies have convinced me that the 
sex-cells arise in an essentially similar manner in Amblystoma. 
We then see that, in all three of these urodeles, the sex-cells 
arise from the inner edges of the lateral plates of mesoderm. I 
owe it to myself to call attention to the fact that I have at no 
time disputed the accuracy of Dustin’s work upon Triton. While 
the evidence seems to me quite clear that this is the usual, if 
not the universal, mode of origin of the sex-cells among the uro- 
dele amphibians, I am ready to maintain with equal vigor the 
entodermal origin of the sex-cells in the aruran amphibians, 
at the same time admitting the possibility that exceptions to 
this apparent rule may be discovered. I do not feel however, 
that Dustin has proved his case in Rana fusca and Bufo vul- 
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garis. The discussion of his work above gives the reasons for 
my position in this matter. 

Not only does it seem probable that the sex-cells arise during 
early stages in the mesoderm of the urodeles, but this seems to be 
the case in the teleosts as well. The most recent and satisfac- 
tory support of this view is contained in the excellent paper of 
Dr. Gideon 8. Dodds upon the‘‘Segregation of the Germ-Cells 
of the Teleost, Lophius,’’ in the Journal of Morphology, 1910. 
Here again, we must urge caution in forming a sweeping general- 
ization from the facts thus far at hand. There is certainly a 
wide field for work in the study of the origin of the sex-cells of 
the vertebrates. It is a subject which should be approached in 
a spirit of broad toleration for the views of others. The sex- 
cells are cells that retain their early embryonic character after 
the somatic cells have undergone specialization. It seems, 
from a number of observations made by different authors, that 
in most forms the sex-cells first make their appearance in the 
entoderm—the germ layer whose cells appear to maintain their 
primitive embryonic characters longer than do those of the other 
germ layers. At the same time, unimpeachable evidence shows 
that this apparently logical process is not universal, and I have 
at no time claimed that it is. The sex-cells, as shown by Nuss- 
baum, Eigenmann, Beard and others, do not belong to any one 
germ layer, but are, in a sense at least, independent of the som- 
atic tissues. They are free to follow their own path in their 
travels from the place of origin to the sex-gland anlagen, where 
they finally come to rest. While this path is no doubt identi- 
cal or similar in closely allied species and in more general divi- 
sions of the vertebrates, I do not feel that we are justified in at- 
tributing a high degree of phylogenetic importance to the different 
steps in the migration paths through which they travel. 

I wish to express my indebtedness for the work of our depart- 
mental artists, Misses Hedge and Battey. I am indebted to Miss 
Hedge for the execution of diagrams 1-6 and for figs. 9, 10, 14, 
15, 21, 22, 25 and 26; and to Miss Battey for figs. f1, 12, 13, 23, 
and 24. The remaining drawings are my own. 
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PLATE 1 


EXPLANATION OF FIGURES 


1 Diagram to show the migration path of the sex-cells in Chrysemys mar- 
ginata. 
2 Diagram to show the migration path of the sex-cells in Rana pipiens. 


PLATE 2 


EXPLANATION OF FIGURES 


3 Diagram to show the migration path of the sex-cells in Lepidosteus osseus. 

4 Diagram to show the last phase of the migration of the sex-cells in Lepi- 
dosteus osseus. , 

5 Diagram to show the migration path of the sex-cells of Amia calva. 

6 Diagram to show the last phase of the migration of the sex-cells in Amia 
calva. 
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PLATE 3 


EXPLANATION OF FIGURES 


7 Transverse section through the hind-gut of an 8.6 mm. larva of Lepidos- 
teus osseus. X 300. 

8 Transverse section through the hind-gut of a 9.3 mm. larva of Lepidos- 
feus osseus. XX 300. 

9 Transverse section through the hind-gut of a 10.7 mm. larva of Lepidosteus 
osseus. X 300. 

10 Transverse section through the hind-gut of a 14.1 mm. larva of Lepidosteus 
osseus. > 300. 

11 Transverse section through the hind-gut of a 17 mm. larva of Lepidosteus 
osseus. X 300. 
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PLATE 4 


EXPLANATION OF FIGURES 


12 Transverse section of the rudimentary sex-glands of a 24 mm. larva of 
Lepidosteus osseus. > 300. 

13 Transverse section of a sex-gland of a 110 mm. specimen of Lepidosteus 
osseus. X 300. 

14 Part of a transverse section of a 17 mm. larva of Lepidosteus osseus, show- 
ing the reduced vitelline mass. 

15 Detail drawing of a portion of the vitelline mass of the above section. 
X 300. 

16 Transverse section through the region immediately lateral to the pos- 
terior portion of the sub-germinal cavity of a 147 hr. embryo of Amia calva. X 
300. This shows the place of origin of the sex-cells. 

17 Section passing similarly through another specimen of the same stage of 
Amia calva. X 300. 

One sex-cell shown as it is pushing up into the mesoderm. 

18 Transverse section through the hind-gut of a 6 mm. larva of Amia calva. 


x 300. 
19 Transverse section through the hind-gut of a 7 mm. larva of Amia calva. 


x 300. 
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PLATE 5 
EXPLANATION OF FIGURES 


20 Transverse section through the hind-gut of a 9.1 mm. larva of Amia calva. 
x 300. 

21 Transverse section through the hind-gut and sex-gland anlage of an 11.4 
mm. larva of Amia calva. > 300. 

22 Transverse section through the young sex-glands of a 16 mm. larva of Amia 
calva. X 300. 

23 Sketch to show the orientation of the sex-glands in a 40 mm. specimen 
of Amia calva as seen in transverse section. 

24 Detail drawing of the sex-gland as seen in above sketch. X 300. 

25 Drawing to show the orientation of the much reduced vitelline mass of 
an 11.4 mm. larva of Amia calva. 

26 Detail drawing of a portion of the vitelline mass indicated above. This 
shows the resemblance that certain cells of the peripheral entoderm show to sex- 
cells of this stage. XX 300. 
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THE CYCLIC CHANGES IN THE OVARY OF THE 
GUINEA PIG 


LEO LOEB 


From the Laboratory of Experimental Pathology of the University of Pennsylvania, 
and from the Pathological Laboratory of the Barnard Skin and Cancer Hospital, 
St. Louis, Mo. 


In the course of an experimental investigation into the causes 
of the cyclic changes taking place in the uterine mucosa and into 
the factors underlying the formation of the maternal placenta in 
mammals, we observed that cyclic changes in the structure of 
the ovary correspond to the uterine cycle. It has of course been 
known that at certain times ovulation takes place in the mamma- 
lian ovary, and furthermore, changes have been described as occur- 
ring in the ovarian follicles of certain mammals in connection 
with copulation and during pregnancy; but the cyclic changes 
taking place in the ovary quite independently of copulation 
and of pregnancy and merely dependent upon ovulation have, 
as far as we are aware, not yet been recognized. While 
we know of no publication dealing with the cyclic changes 
in the ovaries in general, a valuable study of the changes taking 
place during pregnancy in two species of Insectivores and in one 
species of Lemurid has been made by C. H. Stratz.1. This author 
comes to the conclusion that in the period following copulation 
all the ovarian follicles become atretic; that during pregnancy 
small follicles are formed but also become atretic before they can 
develop; that only towards the end of pregnancy the follicles 
begin to grow to a considerable size, and that they reach the stage 
of maturity during the puerperium. 

Stratz was not in a position to determine in an exact manner 
the time elapsed since the last copulation of the animals the ova- 


1C. H. Stratz: der geschlechtsreife Siugethiereierstock. Haag. 1898. 
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ries of which he examined. He also seems to have examined a 
relatively very limited number of ovaries of animals during the 
different stages of pregnancy, and furthermore he studied only 
certain parts of each ovary. A methodical study of ovaries of 
non-pregnant animals was not undertaken. While his obser- 
vation that after copulation all follicles become atretic is ap- 
proximately, but not altogether correct, as far as its general 
validity is concerned, in the guinea pig the processes taking place 
in the ovaries during the subsequent stages differ from the con- 
ditions described by Stratz in the case of Tupaja, Sorex and 
Tarsius. 

Furthermore Stratz does not recognize the essential factor 
upon which the cyclic changes in the ovaries depend. The con- 
clusions in the last chapter of his publication show this clearly. 

He summarizes as follows: If we find all follicles atretic, the 
animal has been pregnant. If at the same time a new corpus 
luteum is present, we have to deal with an early stage of preg- 
nancy. If we detect some normal follicles, besides numerous 
atretic follicles and a new corpus luteum, we have to consider a 
puerperal condition of the animal. A large number of atretic 
besides a few normal follicles also suggests a puerperal state. 

These general conclusions are not justified; the changes of 
the follicles do not, as Stratz assumes, depend upon pregnancy, 
and if we should attempt to use the criteria given by Stratz in 
the case of guinea pigs and mammals in general we would be 
liable frequently to make mistaken diagnoses. Notwithstanding, 
these necessary criticisms, the work of Stratz is very valuable 
and it advanced to a considerable extent our knowledge of the 
ovaries. 

Since his publication no more detailed investigation into the 
processes taking place in the ovaries under various conditions 
has appeared, as far as we are aware. Within recent years, how- 
ever, the question has been raised whether a new ovulation can 
take place during pregnancy. 

We limited our investigations to the study of the ovary of the 
guinea pig. We examined several hundred pairs of ovaries of 
animals in which the period of the sexual cycle at which the ovaries 
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were obtained had been ascertained. In each case the entire 
ovary was cut into serial sections. 

During the progress of our work-new problems arose and an 
accident made it impossible for us to re-examine all our material 
in order to answer several questions which were raised at a 
later stage of our investigation. We especially regret our in- 
ability to determine the existence of follicles which were ready 
to rupture, in certain cases in which these data would have been 
of considerable interest. Our work is therefore incomplete in 
some respects. We expect, however, very soon to be able to 
supplement our present work, wherever necessary. 


OVARIES OF GUINEA PIGS IN THE LAST STAGE OF PREGNANCY 


The condition of the ovaries of a guinea pig in the last days 
of pregnancy is as follows: there are small, medium sized and 
large follicles without degeneration of granulosa cells. In other 
large follicles various stages of granulosa degeneration are pre- 
sent. Many follicles show further advanced stages of atresia, 
in which connective tissue grows into the follicular cavity. 
Especially numerous are the last stages of atresia in which the 
zona pellucida is directly surrounded by very cellular connective 
tissue. Mitoses are seen in the granulosa cells of the well pre- 
served follicles. We also find here a few mature follicles which 
are characterized by an increase in cytoplasm of the granulosa 
cells. These follicles are large; their cavity is very wide. The 
nuclei of the granulosa cells are not as densely packed in these 
follicles as in the ordinary large follicles, this peculiarity being 
due to the marked development of the cytoplasm. They can 
be easily recognized in sections stained by haemotoxylin and eosin, 
inasmuch as they appear stained more reddish, in contradistinc- 
tion to the ordinary large follicles in which the blue color of the 
nuclei predominates, while in the mature follicles the red stain 
of the cytoplasm is a distinguishing feature. In these mature fol- 
licles the number of mitoses is very much smaller than in the 
ordinary large follicles. With the increase in the quantity of 
cytoplasm and the relative decrease in the nuclear material, 
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the cell proliferation is diminished. The number of mitoses is 
usually very small, or mitoses may be absent in such follicles. 
Another characteristic feature is the relative lack of degeneration 
of the granulosa in these follicles. While the ordinary large 
follicles degenerate in the large majority of cases, the granu- 
losa cells becoming karyorrhectic, as soon as the follicle attains 
a certain size; the mature follicles are very much more resist- 
ant. The changes in the granulosa cells described above and 
which lead to the transformation of an ordinary large follicle 
into a mature red-staining follicle, and simultaneously to a de- 
crease in cell proliferation of the granulosa and to a diminished 
karyorrhexis of the granulosa cells, probably produces a decrease 
in cell metabolism, and this decrease in cell metabolism stands 
perhaps in a causal relation to the decrease in cell multiplication 
and to the greater resistance of the granulosa cell. A slight de- 
gree of degeneration of the granulosa may even occur in the ma- 
ture red-staining follicles; a few of the central granulosa cells 
may degenerate; and in one case we observed even a fargoing 
degeneration of the granulosa in a mature follicle. It becomes 
therefore probable that these mature follicles also degenerate, 
if ovulation does not take place. This transformation of an 
ordinary large follicle into a mature follicle takes place only 
to a limited extent; the large majority of the follicles degenerate 
before they have reached the stage of full maturity. This holds 
good even in the case of guinea pigs before delivery, in which a 
rupture of follicles will soon take place. 

The corpora lutea of pregnancy which, at the time at which we 
examined the ovaries, were approximately fifty-six to sixty-four 
daysold and which had formed soon after copulation, show already 
some retrogressive changes in the lutein cells. A considerable 
number of the vessels entering the corpora lutea have a very thick . 
wall consisting of several rows of cells. A large number of the 
vessels, however, have merely an endothelial lining. In many of 
the vessels no lumen is visible, the circulation through the corpus 
luteum being evidently not very active; some of the capillary 
vessels have, however, a widely open lumen. The quantity of 
the connective tissue in the centre of the corpus luteum is small, 
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on account of the previous proliferation of lutein cells which en- 
croached more and more upon the space originally filled by the 
connective tissue. The corpora lutea are large. The lutein cells 
show signs of degeneration; they are finely vacuolar and may have 
a foamy appearance; a certain number of cells take less eosin and 
appear therefore pale. Many cells have a sharply defined, red- 
staining outline. The nuclei also show changes; they are frequent- 
quently deformed, indentated; or they are round, vesicular, but 
stain less with haematoxylin; they appear somewhat karyolytic. 
Mitoses could not be seen in the lutein cells. The degree of retro- 
gressive changes may vary in different corpora lutea even in the 
same ovary. 

We see therefore that even before delivery and before a new 
ovulation has taken place, degenerative changes set in in the cor- 
pora lutea, and it accords with these retrogressive changes that 
mitoses are absent or at least very rare in such corpora lutea. 

Besides these corpora lutea of pregnancy we may find in such 
ovaries ‘yellow bodies’ representing the last stage of retrogression 
of corpora lutea. In thecorpora lutea which were transformed into 
such yellow bodies, degeneration must have set in approximately 
sixty to sixty-five days ago. These ‘yellow bodies’ have the fol- 
lowing structure: In their centre and periphery we find hyaline 
connective tissue; between these two zones of hyaline connective 
tissue a relatively small number of degenerated large lutein cells 
is enclosed, in which, during the process of retrogression, a large 
amount of yellow pigment was produced. 


OVARIES OF GUINEA PIGS WITHIN TWO DAYS AFTER DELIVERY 


In the period directly following delivery the condition of the 
ovaries, as far as follicles and corpora lutea are concerned, is 
approximately the same as in the period preceding it. The growth 
and degeneration of the follicles still continue to take place, and 
in follicles in which the granulosa has completely or almost com- 
pletely degenerated an ingrowth of connective tissue and complete 
atresia of the follicles occur. The retrogressive changes in the 
corpora lutea also progress, but at a slow rate, and on the whole the 


JOURNAU OF MORPHOLOGY, VOL. 22, NO. 1 


42? LEO LOEB 


corpora lutea are not very different from those found in the preced- 
ing period. This description holds good for instance for ovaries of 
a guinea pig extirpated ten minutes after complete delivery. 

Soon after delivery (usually within a few hours) the guinea pig 
is ready for a new copulation and ovulation, and after ovulation 
changes take place in the follicles which will be described later. 

The corpora lutea of the preceding pregnancy undergo no very 
marked changes within the next two days after delivery, although 
vacuolization of the lutein cells and degenerative changes in the 
nuclei show probably a slight advance; the lutein cells do not stain 
as well with eosin and appear pale. If copulation take place soon 
after delivery, a rupture of the mature follicles occurs within the 
succeeding six or ten hours; butif copulation be prevented by isolat- 
ing the female, ovulation frequently occurs, but does not need 
to take place within thirty-six hours after delivery. In several 
cases in which an actual copulation was prevented, in which how- 
ever the male was in contact with the female for a short time after 
delivery, the rupture of the follicles and the formation of new 
corpora lutea took place in the usual way. The changes inthe new 
corpora lutea within the first two days after delivery are the same 
as those described in a previous paper.? 

In three cases the lower part of the uterus or the vagina of guinea 
pigs were tied completely or incompletely towards the end cf 
pregnancy. This procedure led to the death of the fetuses, fol- 
lowed by expulsion of the dead fetuses in a case in which the occlu- 
sion had been incomplete. In another case the animal was killed 
by chloroform six days after the application of the ligature, and 
the fetuses were found dead; furthermore autolysis of the placenta 
had set in. In these cases especially the periphery of the corpora 
lutea of the preceding pregnancy showed vacuolization of the lute 
tein cells. The nuclei were shrunken or somewhat chromatolytic. 
Notwithstanding the degenerative changes visible in the corpora 
lutea, no new ovulation had taken place. From these and other 
observations it follows that delivery as such does not lead to far- 
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Medical Association, February 10, 1906. 
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going changes in the ovaries; that merely a slow progress takes 
place in changes which had set inbefore delivery. We furthermore 
see that without copulation a spontaneous ovulation does not need 
to take place after delivery, notwithstanding the degenerative 
changes in the corpora lutea; that ovulation can, however, occur 
without copulation, and this seems to be the rule, if the male 
had been in contact with the female for some time after delivery, 
a copulation having been made impossible during this period of 
contact. 


OVARIES OF NON-PREGNANT GUINEA PIGS IN THE PERIOD 
DIRECTLY PRECEDING OVULATION 


This description applies to ovaries of guinea pigs which had 
copulated a few hours previously, in which an ovulation had how- 
ever not yet taken place—ovulation usually taking place approxi- 
mately six to ten hours after copulation. In another case we 
examined the ovaries of a guinea pig that was ready for copulation 
(‘in heat’) in which, however, an actual copulation had been pre- 
vented by occluding the vagina by means of a strip of plaster. 

The condition of the follicles in these ovaries was similar to the 
condition found in ovaries preceding and immediately following 
delivery; we find good follicles of small, medium and large size; 
mitoses are present in the granulosa of such follicles. The majority 
of the large follicles however show more or less degeneration of 
the granulosa, with the exception of the few large follicles which 
progressed to complete maturity; they showed the cytoplasmic 
changes described above. In these as well as in some other well 
preserved large follicles the theca interna appears somewhat 
hyperemic. We also find the various stages of connective tissue 
ingrowth and of the subsequent diminution in the size of the folli- 
cles (‘connective tissue atresia’) which we described in the case 
of the other ovaries. In this case we do not find corpora lutea of 
a preceding pregnancy, but corpora lutea of an ordinary ovarian 
period, not accompanied by pregnancy. These corpora lutea 
are much smaller than those of pregnancy; their lutein cells show 
vacuolization, indicating the beginning of retrogressive changes. 
Notwithstanding these retrogressive changes an occasional mitosis 
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can still be found in lutein cells. The corpora lutea of the second 
last ovulation have in the meantime been transformed into yellow 
bodies. Processes of degeneration have therefore set in in the 
corpora lutea of non pregnant as well as of pregnant guinea pigs 
before ovulation. These beginning degenerative changes do 
however not prevent the occurrence of a few mitoses in the cor- 
pora lutea of previously not copulated animals, while in the de- 
generating corpora lutea of pregnancy we have so far not been 
able to detect the presence of mitoses in lutein cells. 


OVARIES OF GUINEA PIGS WITHIN THREE AND ONE HALF DAYS 
AFTER OVULATION 


In connection with ovulation certain far reaching changes take 
place in the ovaries. All follicles, with exception of very small 
ones, degenerate. These changes set in with ovulation, or they 
may perhaps start somewhat earlier, namely, simultaneously 
with those processes that bring about ovulation. As we have 
pointed out above, the general degeneration of the follicular 
granulosa which we find directly after ovulation cannot yet be 
observed before ovulation. This sudden degenerative process is 
quite independent of copulation; we found that it can be produced 
through ovulation without a preceding copulation. We discovered 
experimental means through which we can produce a spontaneous 
ovulation without a preceding copulation. Such an ovulation is 
followed or accompanied by the same degeneration of the granu- 
losa. Moreover, if we keep a number of female guinea pigs separ- 
ated from the males and if we examine their ovaries after various 
periods of isolation, we find occasionally ovaries in which the 
rupture of follicles had taken place a few days before. In this 
case also the typical follicular degeneration takes place indepen- 
dently of a preceding copulation. 

Six and a half hours after a preceding copulation the ovaries 
showed, besides the presence of newly ruptured follicles, the follow- 
ing changes in the follicles: All, with the exception of very small 
follicles, show granulosa degeneration; in the large majority of the 
follicles almost the whole granulosa is found in a process of degen- 
eration. We also find follicles in the process of connective tissue 
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atresia. Similar conditions are found in other ovaries at the same 
period. 

Twenty-two hours after copulation some granulosa cells are 
found degenerated even in small follicles, (follicles having a small 
cavity); these degenerated granulosa cells are dissolved. 

Similar changes take place in ovaries of guinea pigs in which 
ovulation followed delivery. In a guinea pig in which copulation 
took place two hours after delivery and in which the ovaries were 
examined seventeen hours after copulation, only a few quite small 
follicles without granulosa degeneration were found; in the large 
and also in the medium sized follicles much granulosa degenera- 
tion had taken place, the central granulosa cells degenerating 
first. Almost no entirely good follicles were left. As soon as the 
interna becomes exposed, phagocytic cells (rounded off interna 
cells) penetrate into the follicular cavity and these cells take up 
debris of the granulosa. The degeneration of the granulosa cells 
is as usual followed by ingrowth of connective tissue. 

In other ovaries the granulosa may be degenerated to a great 
extent, but some remnants may still be left. Especially the 
granulosa cells of the discus proligerus survive usually the rest of 
the granulosa. We find of course various stages of connective 
tissue atresia besides the degeneration of the granulosa. From 
these observations it follows that the onset of degeneration of the 
granulosa must be extremely rapid. 

If we extirpate the corpora lutea, from two to eight days after 
copulation a new spontaneous rupture of follicles takes place in 
most cases approximately from thirteen to fifteen days after the 
previous ‘copulation, even if the female had been kept entirely 
isolated during the whole period following the extirpation of the 
corpora lutea. This early spontaneous ovulation is accompanied 
by the same follicular degeneration which we described above. 

It is an interesting problem, whether an artificially produced 
rupture of a follicle, with the subsequent development of a corpus 
luteum, is accompanied by the same acute follicular degeneration. 
Several years ago we made experiments in which we pricked or cut 
the surface of ovaries of guinea pigs which were either ‘in heat,’ 
without however having copulated, or which copulated a few hours 
previously, or which had in some cases copulated from three to six 
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days previously. In only one case did we find a young corpus 
luteum the origin of which could reasonably be attributed to the 
cutting of the ovary and to the artificial rupture of a follicle. 
In this case an animal had been used which showed the first symp- 
toms characteristic for the period of heat. Three days after the 
cuts had been made the ovaries were examined. One young 
corpus luteum was found in the cortex of the ovary. Blood and 
connective tissue were found in the center of the corpus luteum; 
connective tissue and vessels grew into the corpus luteum, which 
was very small. In this ovary we found good follicles of small 
medium and large size; we also found large follicles with begin- 
ning and with further advanced granulosa degeneration, and with 
beginning ingrowth of connective tissue. In as much as in no 
case of spontaneous rupture the follicles were found in a similar 
condition at that period after the rupture, it is very probable that 
we have in this case to deal with an artificial rupture of follicles and 
that such an artificial rupture of follicles 1s not accompanied by the 
rapid degeneration of the follicular granulosa. 

On the basis of our previous results we can easily understand, 
why in all probability we succeeded in one case only in causing an 
artificial rupture of a follicle. Suchanexperiment does not promise 
to be successful, unless we have the chance of opening a mature 
follicle, and such an opportunity exists only at periods of very 
short duration. 

In these ovaries we find usually two or three generations of cor- 
pora lutea; namely: 

1. The young corpora lutea, developing in the recently rup- 
tured follicles. These corpora lutea we have described elsewhere 
in their development up to the sixth day. 

2. Corpora lutea that had formed at the time of the preceding 
ovulation, which had not been followed by pregnancy in female 
guinea pigs which had been kept separated from males. These 
corpora lutea are therefore in all probability approximately nine- 
teen to twenty-eight daysold. They show signs of beginning retro- 
gression. Their lutein cells are more or less vacuolar, especially 
in the periphery, where the vacuolization usually begins; gradually 
the vacuolization progresses to the central part. In the center of 
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the corpus luteum we find a relatively small amount of fibrous 
tissue. We not only find capillary vessels but also vessels the wall 
of which consists of two coats penetrating the corpus luteum. 

These corpora lutea begin to shrink very soon, and three days 
after the new rupture they are usually smaller than immediately 
after the ovulation. Notwithstanding the degenerative processes 
which are apparent in these corpora lutea, it is not uncommon to 
to find still mitoses in the lutein cells of such corpora lutea within 
the first twenty hours after the new rupture of follicles has taken 
place. At a later period mitoses were not seen in this series. The 
mitoses appear in the relatively well preserved, but they may be 
present even in somewhat vacuolar lutein cells. It is possible 
that occasionally mitoses occur also in endothelial cells of the capil- 
laries. © 

3. The third generation is represented by yellow hyaline bodies. 
They are the remnants of corpora lutea that formed forty or more 
days ago. 

If we examine ovaries of young guinea pigs, two and a half to 
three months old, we may find only the first, or the first and second 
generations of corpora lutea, but yellow bodies may be lacking. 

We see therefore that preceding and following the rupture of 
new follicles in non-pregnant animals, processes of degeneration 
have begun in the corpora lutea of the preceding ovulation, and that 
notwithstanding such processes of degeneration, mitoses may 
occur in such corpora lutea for a short period following the new 
ovulation. These corpora lutea which are not accompanied by 
pregnancy are much smaller than the corpora lutea of pregnancy 
and they shrink more rapidly. The absolute diminution in size 
is more rapid than in the retrogressing corpora lutea of a preced- 
ing pregnancy. Concerning the relative rapidity of retrogression 
(the percentage decrease in size, the full size of the corpora lutea 
being taken as the standard), we cannot make any definite state- 
ment, not having carried out any measurements. 

The mode of retrogression is the same in both ordinary corpora 
lutea and in those of pregnancy. The vacuolization begins in 
the periphery, where it becomes most marked, and from here it 
proceeds into the interior of the corpus luteum. 
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OVARIES OF A GUINEA PIG APPROXIMATELY THREE TO FOUR 
DAYS AFTER ABORTION 


In one case the ovaries of a guinea pig were examined which on 
examination had previously been found to be in a well developed 
stage of pregnancy, but which had aborted about three to four 
days previously. The four corpora lutea showed signs of degener- 
ation. The lutein cells were vacuolar in the periphery, in the cen- 
ter the cells stained pale red with eosin, the vesicular nuclei 
showed a diminution in the amount of chromatin. The cell out- 
lines were very sharp, staining red with eosin. In the center there 
was dense connective tissue and many blood vessels had very 
thick walls. 

Follicles of small, medium and large size, with well preserved 
granulosa, were present. A few mature, red staining follicles with- 
out mitoses or degeneration in the granulosa were also found. 
Many other large immature follicles showed various stages of 
granulosa degeneration. There were of course also present 
various stages of connective tissue atresia. 

We see therefore that abortion is not followed by or associated 
with marked changes in the follicles. Whether the mature follicles 
which we found in these ovaries matured as a result of abortion, or 
whether the mature follicles were present before the onset of abor- 
tion, we cannot state with certainty, although it is more probable 
that maturation of the follicles followed abortion. We also note 
the beginning retrogressive changes in the corpora lutea. But in 
this case also we cannot be sure that the degenerative processes 
had not set in before the abortion had commenced. 


OVARIES OF GUINEA PIGS FOUR TO SEVEN AND ONE HALF DAYS 
AFTER OVULATION 


Six days after an ovulation we find in the ovaries on the whole 
the following condition of the follicles: There are well preserved 
follicles of small and medium size, with mitoses in the granulosa 
cells. A limited amount of granulosa degeneration is found only 
in rare instances. In such follicles mitoses are absent or their 
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number is decreased. Follicles in an advanced state of connective 
tissue atresia are frequent. 

The character of the follicles at this period-of the sexual cycle 
is the same in cases in which the last ovulation was preceded by 
delivery, in which, therefore, in the previous period of the sexual 
cycle a pregnancy was present, and in other cases in which the 
previous period of the sexual cycle had not been complicated by 
pregnancy. We see therefore that within six days quite small 
follicles, possessing only a very small follicular cavity, grow and 
reach medium size. During this period the granulosa of medium 
sized follicles did not degenerate, and no large follicles had as yet 
developed. We find therefore principally, besides the follicles 
with preserved granulosa, follicles in an advanced state of con- 
nective.tissue atresia. 

Six days after ovulation we find the corpora lutea of the last 
generation (corpora lutea six days old, asfollows: The center of 
the corpus luteum is filled by a more or less loose connective tissue. 
Mitoses are present in the lutein cells as well as in the endothelial 
cells of the capillaries. Almost all the vessels have a capillary 
character. They penetrate into the central connective tissue. At 
that period vessels with two coats (intima and muscle coat of the 
media) can be observed for the first time, although they become 
more frequent at a somewhat later period. 

In guinea pigs in which a pregnancy and delivery preceded the 
- last ovulation, the corpus luteum of the preceding pregnancy 
shows marked signs of degeneration. Especially the peripheral 
cells are frequently coarsely, while the more centrally situated 
cells are more finely vacuolar; but even in the latter the proto- 
plasm stains less with eosin and the nuclei are slightly chromatoly- 
tic; the cells appear distinctly pale. The vessels are very thick and 
at certain places in the periphery the connective tissue of the neigh- 
borhood seems to begin to grow into the peripheral parts of the 
corpus luteum. 

The ordinary corpora lutea of the second generation (not accom- 
panied by pregnancy) show marked vacuolization; they diminish 
in size and in one case yellow pigment developed in a few of the 
vacuolar cells. Therefore in the course of five to eight days 
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since the beginning of degeneration the retrogressive changes have 
much advanced. The retrogressing corpora lutea of pregnancy of 
the corresponding generation are much larger at this period than 
the ordinary corpora lutea. 

In a certain number of ovaries we also find a further (third) 
generation of retrogressing corpora lutea, represented by yellow 
bodies. 

One corpus luteum deserves especial mention. In an ovary of 
a guinea pig which had ovulated approximately four and a half 
days before, five corpora lutea were found, four of whichshowing the 
typical structure. In the fifth of these corpora lutea, however, 
the lutein cells were arranged in the shape of glandular ducts. 
This condition has perhaps been produced through a dissolu- 
tion of the central cells. Otherwise the corpora lutea in this 
ovary were normal. 

The same typical changes in the follicles noticed in ovaries of 
this period after a preceding copulation and ovulation are also 
found in ovaries in which a spontaneous ovulation took place inde- 
pendently of a preceding copulation. As we stated above, such 
a spontaneous ovulation can be produced through an early exci- 
sion of the corpora lutea. The same follicular changes take place 
also in pregnant animals in which, through an excision of the cor- 
pora lutea about six to eight days after copulation, a spontaneous 
ovulation is produced approximately thirteen to fifteen days 
after the beginning of pregnancy, without the pregnancy being 
interrupted. 

We see therefore that these cyclical changes in the ovaries are 
essentially independent of copulation and of pregnancy and are 
directly connected only with ovulation. 


OVARIES OF GUINEA PIGS SEVEN AND ONE HALF TO EIGHT AND 
ONE HALF DAYS AFTER OVULATION 


At this stage of the sexual cycle we find good follicles of small, 
medium and large size with no, or only very little, granulosa 
degeneration. We also find follicles in connective tissue atresia. 
We see therefore that in approximately eight days follicles originally 
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very small have reacheda large size. The new (eight days old) 
corpora lutea grow actively during this period and show frequent 
mitoses in lutein cells. The corpora lutea of the preceding ovula- 
tion (second generation) continues to shrink and show marked 
vacuolization of the lutein cells. If the second last ovulation were 
accompanied by pregnancy, the retrogressing corpora lutea were 
still larger. 

The third generation of corpora lutea was represented by atre- 
tic yellow bodies the age of which varied approximately between 
forty-eight and ninety-five days. 


OVARIES OF GUINEA PIGS TEN TO ELEVEN DAYS AFTER OVULATION 


We find good follicles without granulosa degeneration of small, 
medium and large size, besides various stages of granulosa degener- 
ation and of connective tissue atresia, early stages with beginning 
ingrowth of connective tissue included. In the granulosa of well 
preserved follicles mitoses are present as usual. 

At this stage —ten days after ovulation—the ovary presents 
again its normal aspect. The follicles have grown to a large size 
and undergo the ordinary retrogressive changes. The ten to eleven 
days old corpora lutea are well developed; in the centre a relatively 
small amount of connective tissue is present. Mitoses in the lu- 
tein cells are usually frequent; they occur perhaps also in endothe- 
lial cells of capillaries. The large majority of the vessels have a 
capillary character, but occasionally a vessel is seen with a double 
coat of cells. Marked signs of degeneration are absent, but a few 
slightly vacuolar lutein cells may occasionally be seen. 

The second generation of corpora lutea, originating in the sec- 
ond last ovulation, are small vacuolar bodies with much connective 
tissue and thick vessels. If, however, this second last ovulation 
had been followed by pregnancy, the retrogressing corpora lutea 
of the previous pregnancy are as yet much larger; the lutein cells 
have become very vacuolar; many thick vessels are present. In 
some of the vacuolar lutein cells yellow pigment appears. 

A third generation of corpora lutea is represented by yellow 
bodies. They are, however, not found in all ovaries. 
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In this series of animals pregnancy had been prevented after 
a preceding copulation, either by ligaturing the tubes within the 
first two days after copulation, or by making long incisions into 
the uterus approximately four to six days after copulation. 

The ovaries were also examined in a certain number of other 
guinea pigs of this period in which pregnancy existed. The accom- 
panying pregnancy does not produce any marked change in the 
ovaries and the preceding description applies on the whole equally 
well to these ovaries. 


OVARIES OF GUINEA PIGS THIRTEEN TO FIFTEEN DAYS AFTER 
OVULATION 


In this series of animals pregnancy was prevented in the same 
manner as in the series of animals examined ten to eleven days 
after ovulation. The follicles have approximately the same 
character as in the previous period. We see the same varieties 
of follicles. Small follicles grow and become large and, after 
having reached this stage, or even at a slightly earlier stage, 
granulosa degeneration sets in with consecutive connective tissue 
atresia. In the granulosa of well preserved follicles numerous 
mitoses are present, and mitoses may even be found, if a slight 
amount of granulosa degeneration has taken place. The corpora 
lutea of the last ovulation (I generation) show more generally the 
beginning of vacuolization, especially in the periphery of the 
corpus luteum; but on the whole the corpus luteum is still well 
preserved and usually mitoses are found in some of the lutein 
and occasionally in cells belonging to blood vessels. 

In the center we find connective tissue with thin spindle-shaped 
nuclei, and a number of vessels with walls consisting of several 
rows of cells penetrate into the central connective tissue. In 
some of the lutein cells the protoplasm appears dense and stains 
deeply with eosin. It appears probable that in such cells the nuc- 
leus had started to divide by mitosis, but degenerative processes 
seem to have set in and interrupted the process of the mitotic 
division. We are however not certain that this interpretation, 
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which would perhaps agree with an opinion expressed by Regaud 
and Dubreuil,’ is correct. 

The second generation of corpora lutea is represented by small 
vacuolar bodies with relatively much connective tissue and thick 
vessels. These atretic corpora lutea originated at the time of the 
second last ovulation and are therefore approximately thirty-three 
to forty days old. If this second last ovulation had been followed 
by pregnancy, the corpora lutea of this period are still much larger 
than the corpora lutea of the corresponding generation without 
an accompanying pregnancy ; but a considerable shrinking of these 
corpora lutea has also taken place. The vessels are to a great 
extent collapsed. The lutein cells are finely or coarsely vacuolar, 
take less stain, still possess nuclei and a distinct cell wall, 
staining with eosin. The third generation of corpora lutea is 
again represented by yellow bodies. They are not present in all 
ovaries, but are found especially in the ovaries of older guinea 
pigs. Occasionally the degenerating corpora lutea of the second 
generation may also be absent. 

In guinea pigs in which the last ovulation was followed by preg- 
nancy, the condition of the follicles is very similar. The corpora 
lutea of the first generation, however, are large and show frequent 
mitoses in lutein cells, occasionally also in lutein cells the peri- 
phery of which is vacuolar. There are possibly also mitoses pres- 
ent in the endothelial cells. The retrogressing corpora lutea of 
the second and third generations are in pregnant animals of a 
similar character as those described in the ovaries of guinea pigs 
of the same period without an accompanying pregnancy. 


OVARIES OF GUINEA PIGS FIFTEEN TO NINETEEN DAYS AFTER 
OVULATION 


Pregnancy had in most cases been prevented by the same means 
which were used in the preceding stages. In a few instances in 
which pregnancy had occurred an early abortion followed. The 
follicles exhibit on the whole the same character as in the preced- 
ing stage; we find good follicles of small, medium and large size, 
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and follicles in various stages of granulosa degeneration and of 
connective tissues atresia. We may also find large mature follicles. 
In how many cases these latter are present, will still have to be 
determined. In such animals a rupture of follicles is imminent. 

In three guinea pigs a spontaneous ovulation had taken place 
at this period, notwithstanding the absence of male guinea pigs. 
In such cases young corpora lutea were found and, accordingly, a 
condition of the follicles characteristic of a period directly follow- 
ing ovulation. In the large majority of cases however a spontane- 
ous ovulation did not take place in ovaries at this period of the 
sexual cycle. In such cases the follicles showed the character 
described above. 

The corpora lutea of the first generation, which originated as 
a result of the last ovulation, show more or less signs of beginning 
retrogressive changes as indicated by fine or coarse vacuoliza- 
tion of the lutein cells. The intensity of this degenerative change 
varies is different ovaries. On the whole the retrogressive changes 
seem to be more marked in the nineteen days than in the sixteen 
days old corpora lutea; but variations seem to occur, even in cor- 
pora lutea of the same age. The vacuolization is usually most 
marked in the periphery and progresses toward the center. Other 
lutein cells are still more solid and mitoses in lutein cells can be 
seen in the majority of the corpora lutea of this period. In cases 
in which mature follicles are present and a spontaneous rupture 
of follicles is therefore soon to be expected, the corpora lutea 
show much vacuolization; but here also mitoses are still present in 
lutein cells. 

In some cases the retrogressive changes are still further ad- 
vanced and a connective tissue capsule may appear in the peri- 
phery of the corpus luteum. The marked vacuolization of peri- 
pheral lutein cells may be accompanied by a diminution in the 
lumen of blood vessels. Vessels with coats consisting of several 
rows of cells are seen regularly in these corpora lutea. The con- 
nective tissue in the center of the corpora lutea is usually dense and 
relatively small in amount. 

In those cases in which a new spontaneous ovulation had taken 
place the vacuolization of the corpora lutea had still further pro- 


CYCLIC CHANGES IN THE OVARY OF GUINEA PIG oo 


gressed and under such circumstances mitoses were no longer 
present in them. 

The corpora lutea of the preceding (II) generation, originating 
in an ovulation that took place at least thirty-seven days ago, 
are sometimes represented by small bodies which are surrounded 
by a thick connective tissue capsule; much fibrous tissue is found 
in the center and the lutein cells between these two zones show 
very large vacuoles. The vessels remaining in such structures 
have very thick cellular walls. In other cases some yellow pig- 
ment appears in such vacuolar cells and in still other cases we see 
only yellow.atretic bodies. It is probable that the latter struc- 
tures are found in cases in which a still longer time has elapsed 
since the preceding (second last) ovulation. There may of course 
have occurred a longer interval than twenty days between the 
last and second last ovulation. 

When the second generation was represented by a corpus luteum 
of pregnancy, the retrogressive changes were also marked, shrink- 
ing of the corpus luteum and vacuolization of the lutein cells are 
pronounced, but such corpora lutea are still considerably larger 
sixteen to nineteen days after the completion of pregnancy than 
ordinary corpora lutea of the corresponding generation. Some of 
the vacuolar cells may show a yellow pigmentation. In such 
ovaries we may find a still older generation of retrogressing cor- 
pora lutea present, represented by yellow atretic bodies which 
owe their origin to an ovulation that took place more than a 
hundred days ago; and if the last named (third last)ovulation were 
followed by a pregnancy, this ovulation may have taken place 
approximately one-hundred and fifty days ago. Not in all 
animals are so many generations of corpora lutea found; especially 
in young animals (two to three months old only one generation 
may be present. 

If the last ovulation that took place fifteen and one half to 
nineteen days ago were followed by pregnancy, the follicles in the 
ovaries of pregnant animals of this period do not show any marked 
difference from the follicles of non-pregnant animals at the corre- 
sponding period after ovulation. In both cases we find good folli- 
cles of various sizes and the different stages of retrogression of 
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follicles which we mentioned above. In the ovaries of pregnant 
animals of this period we may also find mature follicles, the granu- 
losa cells of which have more cytoplasm that stains red with eosin. 
Such follicles show less granulosa degeneration and a decrease in 
thenumber of mitoses is visible in the granulosa cells. Some degen- 
eration of granulosa cells may however occur in these follicles and 
their further fate will still have to be determined. 

The corpora lutea of pregnancy (first generation) are well pre- 
served. Fine vacuoles may however be present, especially in 
the peripheral lutein cells. Mitoses are also present. They do 
not show such pronounced signs of retrogression, as occur in cor- 
pora lutea of non-pregnant animals of this period. 


OVARIES OF GUINEA PIGS TWENTY TO TWENTY-SEVEN DAYS 
AFTER OVULATION 


At this period the proportion of animals in which a spontane- 
ous ovulation had taken place, notwithstanding the separation of 
females and males, is much greater than in the preceding period. 
Among twenty-two guinea pigs a spontaneous ovulation had taken 
place in eight, while in the fourteen other females no rupture of 
follicles had as yet occurred. In at least one and possibly in more 
of these fourteen guinea pigs a rupture was however imminent, 
as indicated by the presence of mature, red-staining follicles. In 
those animals in which ovulation had taken place within the last 
few days the follicles were in the condition corresponding to that 
stage after ovulation. The corpora lutea that originated as a 
result of the ovulation twenty to twenty-six days previously 
showed marked degeneration; the cells were vacuolar; in one case 
the lutein cells formed a hyaline material in which the vesicular 
nuclei were imbedded. Mitoses were present in only one case, in 
which the rupture had taken place apparently within the last 
twenty-four hours, but even vacuolar cells may divide mitotically. 
Many blood vessels have thick cellular coats and the blood vessels 
in general do not seem to be patent. 

In all the other guinea pigs in which a new rupture of follicles 
had not yet taken place the follicles behave approximately in the 
same manner as in the previous stage; we see follicles of various 
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sizes without granulosa degeneration,’ and follicles of large and 
also of medium size in various stages of granulosa and connective 
tissue atresia. 

In the ovaries of the guinea pig in which a spontaneous rupture 
of follicles was imminent, the twenty-two days old corpora lutea 
also showed the signs of early degeneration; some of the cells 
were still good, but the majority were vacuolar. 

In the guinea pigs, in which a spontaneous ovulation had not yet 
taken place, the corpora lutea of the last ovulation were also in a 
process of degeneration, which was especially marked during the 
later stages, twenty-four to twenty-six days after ovulation; here 
the vacuolization was very pronounced, and occasionally con- 
nective tissue began to grow into the periphery of the corpus 
luteum. The vessels of these corpora lutea were very thick. In 
some other ovaries, especially in those examined twenty and 
twenty-one days after ovulation, the number of relatively well 
preserved cells was still greater. On the whole the number of 
mitoses found in lutein cells at this period is distinctly diminished. 

The older generations of corpora lutea are represented by atre- 
tic yellow bodies, which are however not present in all animals. 
In one case a corpus luteum was present that originated as a result 
of an ovulation that took place approximately ninety-three days 
before and was accompanied by pregnancy. In this cases twenty- 
seven days after delivery very little of the lutein tissue was left, 
the blood vessels had very thick coats, and the fibrous tissue of 
the remnant of the corpus luteum was very prominent. 

If the ovulation which took place twenty to twenty-seven days 
before were followed by a pregnancy, no new spontaneous ovula- 
tion took place. The conditions of the follicles was the same as in 
those guinea pigs in which the last ovulation was not followed by 
pregnancy and in which no new spontaneous ovulation had as yet 
taken place. The corpora lutea of pregnancy of this period showed 
much less vacuolization, although a slight amount of it may have 
been present, especially in the periphery of the corpus luteum. 
Mitoses were more common in these corpora lutea of pregnancy 
than in the ordinary corpora lutea of the same period. Their 
size was also greater. 
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In regard to the ordinary corpora lutea and the corpora lutea of 
pregnancy of previous generations, the same retrogressive changes 
which were described above in the ovaries of non-pregnant guinea 
pigs of this period, were found in pregnant animals. 

We see therefore that the condition of the corpora lutea indi- 
cates the condition of the follicles, and conversely the condition 
of the follicles indicates the history of the corpora lutea. At a 
certain time (approximately ten days) after the ovulation a 
certain equilibrium is reached between the growth and the degen- 
eration of the follicles. Whether a quantitatively exact equili- 
brium is reached, cannot yet be stated. In proportion to the 
length of time which elapsed since the last ovulation, the probabil- 
ity of a new spontaneous rupture, with the subsequent changes in 
the follicles, becomes greater. At this and the preceding period 
signs of degeneration are present in the ordinary corpora lutea, 
which become the more marked the older the corpus luteum; the 
number of mitoses in lutein cells decreases with advancing age; 
they may however still be present in corpora lutea immediately 
following a new ovulation; the latter however is soon followed by 
further progressing degeneration of the corpus luteum of the pre- 
ceding ovulation. If the ovulation that took place twenty to 
twenty-six days previously was accompanied by pregnancy, 
no new spontaneous rupture of follicles took place, the prolifera- 
tion of the lutein cells continued, and degenerative processes in 
the corpora lutea were retarded. 

Approximately twenty-five days after the completion of preg- 
nancy the corpora lutea of pregnancy (second generation) have 
become small vacuolar bodies with thick vessels and fibrous tissue, 
while corresponding ordinary corpora lutea have at this time 
apparently been transformed into yellow bodies. 
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OVARIES OF GUINEA PIGS TWENTY-SIX TO FORTY DAYS AFTER 
OVULATION 


In five animals in which, in order to prevent pregnancy, both 
(and in one case one) of the Fallopian tubes had been ligated 
within twenty-six hours after copulation, and in which at a later 
operation incisions had been made into the uterus, no new ovu- 
lation had taken place at the time of the examination, twenty- 
six to thirty-four days after copulation. The corpora lutea 
(twenty-six to thirty-four days old) showed very marked retro- 
gression; they were very vacuolar; their size was always diminished 
especially after thirty-two to thirty-four days, but differed some- 
what in individual cases. Some corpora lutea formed small 
bodies containing very dense fibrous tissue in the center and en- 
closing in the periphery a relatively small number of very vacuolar 
cells. Other corpora lutea were still somewhat larger and con- 
tained a.few better preserved cells. 

Besides the retrogressing vacuolar corpora lutea some atretic 
yellow bodies could be found in some cases; they were remnants 
of corpora lutea at least fifty days old. In two other ovaries a 
spontaneous ovulation had taken place recently and the condition 
of the follicles was in accordance with the age of the new corpora 
lutea. Here also the thirty to thirty-two days old corpora lutea 
of the preceding ovulation were very vacuolar and contained blood 
vessels with a thick coat and much dense fibrous tissue. 


OVARIES OF A PREGNANT GUINEA PIG APPROXIMATELY THIRTY- 
FIVE TO FORTY DAYS AFTER COPULATION 


In these ovaries we found good follicles of small, medium and 
large size without granulosa degeneration and with mitoses in 
granulosa cells; other follicles showed various stages of granulosa 
degeneration and of connective tissue atresia. Mitoses were 
absent or diminished in number in follicles in which granulosa 
degeneration existed. 

In addition to the ordinary large follicles mature or almost 
mature follicles were seen in which the cytoplasm of the cells was 
well developed, and in which the granulosa contained only very 
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few mitoses which were found especially in the discus proligerus. 
Some of the nuclei of the granulosa cells appeared somewhat con- 
tracted in these follicles, but no marked degeneration of the gran- 
ulosa cells was found. 

The corpora lutea of pregnancy were large, the cytoplasm of 
the lutein cells stained red yellow with eosin; the cell outlines 
were quite distinct. The large majority of the lutein cells were 
compact and did not show vacuoles; the nuclei were vesicular. 
A few mitoses were found in lutein cells. Only very little con- 
nective tissue was present in the center of the corpora lutea. 
Some of the vessels had thick walls, while other vessels were of a 
capillary character and had either a wide or narrowlumen. We 
see therefore that also at later stages of pregnancy the follicles 
continue to grow and to degenerate, and that even at this period 
of pregnancy follicles may mature. The lutein cells of the corpora 
lutea of pregnancy continue to show mitotic nuclear figures and 
well preserved cytoplasm at a time when, in the ordinary corpora 
lutea, retrogression is very far advanced. 


OVARIES OF GUINEA PIGS IN WHICH COPULATION HAD BEEN 
PREVENTED 


A large number of ovaries were examined of female guinea pigs 
which had been kept separated from males for various lengths of 
time. 

One set of guinea pigs was separated from males before sexual 
maturity had been reached. The ovaries were examined, when the 
animals were six and twelve months old. In every instance ovu- 
lation had taken place repeatedly and we usually found the three 
generations of corpora lutea which we described in the case of 
guinea pigs which had copulated, namely relatively young cor- 
pora lutea, retrogressing vacuolar corpora lutea and _atretic 
yellow bodies. 

In another series guinea pigs were guarded against contact 
with males after delivery, and were kept separated from males 
for various periods of time. In this case a spontaneous ovulation 
took place after delivery, at least in the majority of cases, even 
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without contact with males, and subsequently further ovulations 
occurred. Under such conditions the successive ovulations do 
however not occur in the same intervals in all animals; in some 
cases a delay in ovulation may take place: this accords well with 
our previous observations. The conditions of the follicles corre- 
spond to the time elapsed since the last ovulation, as indicated 
by the state of the corpora lutea. 

Not in every case however does a spontaneous ovulation take 
place without contact with male. In several cases neither new 
nor retrogressing corpora lutea could be found ia the ovaries of 
guinea pigs which, according to their age, ought to have ovulated, 
but in which no sign of heat had been noticed during an observa- 
tion extending over a certain period of time. In other guinea pigs 
which had been in heat recently, but in which copulation had 
been prevented, no new ovulation corresponding to the period of 
heat had taken place at the time of examination. 


SOME OBSERVATIONS ON THE POSTFETAL DEVELOPMENT OF THE 
OVARY OF THE GUINEA PIG 


In connection with the cyclic changes in the adult ovary of the 
guinea pig, just described, we thought it of interest to determine 
the time at which these cyclic changes set in. For this purpose we 
studied a series of ovaries at differents stages of the growing guinea 


pig. 


1. Jn the ovaries of a fetus near the tume of birth many follicles 
are present in the cortex. These follicles have not yet a cavity 
and the largest follicles have a granulosa consisting of three, or four 
rows of granulosa cells; in the latter some mitoses can be seen. 
No distinct differentiation appears in the connective tissue of the 
different parts of the ovary. 


2. In the ovaries of guinea pigs four, five and seven days old 
we find a cavity in a certain number of the follicles; no atretic 
processes have as yet taken place. The theca interna cells are 
distinguished from the surrounding connective tissue through the 
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increase in the size of their nuclei. The connective tissue around 
the medullary canals is relatively dense. In the granulosa, theca 
interna and in the ordinary connective tissue stroma mitoses are 
frequent. 


3. The ovaries of guinea pigs eighteen days old are larger; the 
follicles also have increased in size. Small and medium sized and 
in proportion to the as yet small size of the ovaries, relatively 
large follicles are present. In some of the follicles degenerative 
processes appear at this time, but the extent to which such changes 
have taken place differs in the ovaries of different animals. In 
the ovaries of some guinea pigs no degeneration of the granulosa 
has as yet taken place. In the ovaries of another guinea pig a 
few follicles showed a trace of granulosa degeneration, while in 
another follicle the granulosa degeneration was pronounced. 

In the folliclesof some ovaries we find even a beginning ingrowth 
of connective tissue into the follicular cavity, and in one case a 
cavity of a follicle was filled with loose connective tissue. The 
majority of the follicles are in a good condition; their cavity is 
larger than at the preceding stage and the interna is better devel- 
oped and consists of more rows of cells. Mitoses are present in the 
theca interna and in the granulosa. The connective tissue be- 
tween the follicles is a little more fibrous, and around certain 
blood and lymph vessels it is somewhat edematous and rarefied. 


4. In the ovaries of guinea pigs twenty-eight days old the major- 
ity of follicles are in good condition and non-atretic; they are of 
small and medium, but not yet very large size. In some ovaries 
hardly any degeneration of follicles is visible; in others we see some 
follicles which have not yet attained their full size (corresponding 
to the as yet small size of the ovaries), presenting various stages of 
granulosa degeneration. In some follicles the granulosa has been 
entirely destroyed and connective tissue begins to grow into the 
cavity.* In some cases we find quite atretic connective tissue 
follicles. In some small and medium sized follicles the ova may 
undergo (probably amitotic) nuclear division and a corresponding 
segmentation of the cytoplasm, the granulosa being still intact. 
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In other cases, however, such ova are surrounded by connective 
tissue. 

The connective tissue of the ovaries shows more differentiation 
at this period and is somewhat more fibrous. 


5. In ovaries of guinea pigs one to two months old the size of 
some of the follicles, in correspondence with the growth of the 
ovaries, enlarges. We see various stages of granulosa degenera- 
tion and of connective tissue atresia. Granulosa degeneration may 
take place in medium sized and in large follicles. In some ovaries 
the large majority of follicles may show either granulosa degen- 
eration or connective tissue atresia. Corpora lutea are not yet 
visible. 


6. Ovaries of guinea pigs three months old: Approximately at 
this period the ovaries have become mature. We find various 
stages of developing follicles and occasionally mature follicles 
ready to rupture. We find the various stages of granulosa degen- 
eration and of connective tissue atresia. We notice a greater differ- 
entiation in the structure of the stroma in different parts of the 
ovary. 

Corpora lutea, which occasionally are already in the beginning 
of degeneration, are present in some ovaries; in other animals 
ovulation has not yet taken place. 

It follows from these observations that degenerative processes 
in follicles set in approximately fourteen to eighteen days after 
birth, and ovulation and formation of corpoa lutea appear in 
guinea pigs two to three and a half months old. The ovaries and 
follicles must have reached a certain size, before ovulation sets 
in. The time required for the development of small into large 
follicles, with subsequent beginning of degenerative processes, is 
somewhat longer in the young growing animal than in the mature 
guinea pig, but in both the periods of time are of a similar order 
(approximately nine and fourteen days respectively). —* 
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The principal result of our investigations we can state as follows: 

In the ovary of the guinea pig (and probably of mammals gener- 
ally) cyclic changes take place independently of copulation and of 
pregnancy. 

A sexual period (the period between two ovulations) is accom- 
panied by a series of changes in the follicles. As a result of the 
conditions leading to or accompanying ovulation the granulosa 
of all large and medium follicles undergoes a very rapid degenera- 
tion, which is very marked within an hour or two after ovulation, 
or perhaps even sooner. In the follicles in which the cavity is as 
yet very small, the degenerative processes are very slight or absent. 
These follicles do not seem to perish. These degenerative changes 
affect equally both ovaries of one animal, even if a rupture of 
follicles should have taken place in only one of the two ovaries. 
The local effect of the rupture of the follicle can therefore not be 
the cause of the follicular degeneration. Within the next few 
days the small follicles grow and gradually attain a large size. 
Eight days after ovulation large follicles are again noticeable. 
As soon as good sized and medium sized follicles have been formed 
they begin to undergo degenerative processes, the granulosa 
degenerating and becoming dissolved and connective tissue grow- 
ing into the follicular cavity. This process ends in an almost 
complete disappearance of these follicles. In the meantime other 
follicles grow and, having reached a large size, they also degenerate. 
Thus after a first stage of general growth, comprising approxi- 
mately ten days after ovulation, a certain equilibrium is reached in 
which new follicles are growing to a certain size, and in which other 
follicles of large or medium size degenerate. Whether certain quan- 
titative differences in the proportion of the number of growing and 
degenerating follicles exist at different periods of this second part of 
the sexual cycle, will still have to be determined. This second 
period of equilibrium begins approximately ten days after the last 
ovulation, and it lasts until a new ovulation occurs. Gradually a 
few large follicles undergo still further changes, the cytoplasm of 
their granulosa cells enlarges, the number of mitoses in these 
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cells decreases and they become more resistant to those processes 
which lead to degeneration in other follicles. The follicles in 
which such changes have taken place are mature and ready to 
rupture. In the meantime the follicles that ruptured during the 
preceding ovulation developed into corpora lutea. The latter 
represent principally the hypertrophic granulosa cells of the rup- 
tured follicles, which proliferate mitotically. After a certain 
stage of development has been reached, degenerative processes 
set in in the corpus luteum, which start in its periphery and pro- 
ceed to the center. These degenerative processes set in very early, 
are noticeable eighteen to twenty days and are usually marked 
twenty to twenty-four days after the preceding ovulation. 
Throughout this period of beginning degeneration, however, some 
mitoses are still visible in certain lutein cells. At this period 
usually a new ovulation takes place. The exact time at which 
the new ovulation occurs varies however somewhat in different 
animals, ovulation occurring earlier in some animals than in 
others. In some cases it can be hastened through certain external 
factors, especially copulation, but in the large majority of cases 
it occurs sooner or later even without a preceding copulation. 
After the new ovulation has taken place, the degenerative processes 
progress in the corpus luteum, although within the first twenty 
hours after ovulation mitoses may still be found in certain lutein 
cells. In the following period a considerable shrinking of the cor- 
pus luteum takes place; the connective tissue in the cortex and in 
the periphery becomes hyaline and forms a relatively prominent 
part enclosing a small number of very vacuolar cells. Gradually 
yellow pigment is deposited in these vacuolar cells and thus the 
corpora lutea become transformed into the atretic yellow bodies. 
The new ovulation was of course again followed by thetypical 
changes in the follicles. 

If the ovulation be followed by pregnancy, the principal changes 
taking place in the ovaries are on the whole the same. The only 


4 Whether or not in the guinea pig ovulation can take place independently of a 
preceding copulation has been a subject of controversy. Concerning the litera- 
ture of this question see William H. Kirkham, Biological Bulletin, ‘vol. 18, no. 5, 
April, 1910. 
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difference consists in a prolongation of the sexual cycle, which lasts 
as long as the pregnancy continues. The changes in the follicles are 
identical with those found in the ordinary sexual period not 
accompanied by pregnancy. 

After copulation the period of growth following the sudden 
degeneration of the follicles is the same as in the ordinary sexual 
period, but the period of follicular equilibrium is much pro- 
longed. 

During this period of follicular equilibrium certain follicles 
ean not only grow to a considerable size, but may even undergo 
the additional changes which indicate the maturation of the folli- 
cle. A rupture of follicles does not however take place during 
pregnancy under ordinary circumstances. 

The corpus luteum of pregnancy differs from the ordinary 
corpus luteum mainly in its prolonged duration of growth and of 
life. At a time when, in the ordinary corpus luteum not accom- 
panied by pregnancy, mitoses have ceased to be present and the 
retrogressive changes are very marked, mitoses are still seen in the 
corpus luteum of pregnancy. In the corpus luteum of pregnancy 
degenerative changes set in before the end of pregnancy has been 
reached, and they continue after delivery. A short time after 
delivery a new ovulation usually occurs, even if no copulation had 
taken place after delivery. The retrogression of the corpora lutea 
of pregnancy continues, but it requires much more time than the 
retrogression of an ordinary corpus luteum. 

The mechanism that governs the sexual cycle in the ovary can 
be recognized only incompletely by observation and it has been 
the subject of an experimental investigation, the results of which 
we shall report in more detail elsewhere. We may however state 
that our experiments have shown that through extirpation of the 
corpora lutea the sexual cycle is shortened. The presence of well 
functioning corpora lutea inhibits a new ovulation. Pregnancy as 
such does not prevent ovulation. Ovulation can be made to 
take place even in pregnancy, if the corpora lutea be extirpated 
at an early period after copulation. And under such conditions 
the typical follicular changes follow the ovulation during preg- 
nancy. As soon therefore as degenerative processes have set 
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in in the corpora lutea, either during pregnancy or outside of 
pregnancy, a new ovulation can take place. How far the presence 
of the corpora lutea influences the transformation of ordinary large 
follicles into mature follicles and how far its action merely con- 
cerns the rupture of the mature follicles, remains still to be deter- 
mined. 

It follows from our observations that the time of ovulation 
depends upon at least three different factors: (1) Changes taking 
place in the ovaries. It is necessary that mature follicles have 
been produced, before rupture can take place. Our experiments 
indicate that cuts into an ovary causing an opening of a 
follicle may possibly lead to the formation of a corpus luteum only 
at a time when mature follicles are present. A certain time must 
therefore have elapsed after ovulation before another ovulation 
ean take place. During this period small follicles reach their 
full size. Thus a minimal time which must elapse between two 
ovulations is required. (2) The time at which the influence of the 
corpus luteum preventing ovulation ceases to be exerted. Our 
observations make it very probable that the retrogressive changes 
observed in the corpora lutea before ovulation indicate the neces- 
sary cessation of functional activity. It is however noteworthy 
that, notwithstanding such a cessation of activity, mitoses can 
still be observed in the lutein cells at this period. Whether the 
corpus luteum acts prineipally upon the last stage in the develop- 
ment of follicles (maturation) or merely upon the rupture of folli- 
cles will still have to be determined with certainly. We recall . 
however the fact that we observed the occurrence of mature 
follicles during various stages of pregnancy, notwithstanding the 
existence of corpora lutea. (3) Certain more or less accidental con- 
ditions, as for instance copulation. It is probable that other cir- 
cumstances also may accelerate or retard the rupture of the follicles. 
Such factors act probably indirectly by causing changes in the 
circulation in the ovaries. In the guinea pig these are not indis- © 
pensable, but theirplace can be taken by other factors; or even the 
total absence of corpora lutea may in the guinea pig be sufficient 
to allow a new ovulation. 
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In the guinea pig ovulation occurs in the large majority of cases 
without any previous copulation. In many cases however copula- 
tion is not without significance even in the guinea pig; it acceler- 
ates ovulation. While, after delivery, a spontaneous rupture may 
take place without copulation, in other cases it does not occur with- 
out ovulation. Also in the ordinary period of heat ovulation does 
not need to take place without copulation. Copulation is there- 
fore not without importance; but in almost all of these cases ovu- 
lation is only deferred and sooner or later it will take place with- 
out the male. So far as the literature has been accessible to us it 
appears that the role copulation plays had not been fully appre- 
ciated by former investigators. Certain observations which we 
made indicate that other factors besides a preceding copulation 
may influence ovulation, and we intend to continue our investi- 
gation in this direction. 

Our observations enable us to give some data concerning the 
time relations in the growth of various ovarian structures. 

a Follicles. In about six days after ovulation small follicles 
reach medium size. In approximately eight days large follicles 
have developed and now degenerative processes set in. Mitotic 
cell division is most pronounced in the granulosa before degenera- 
tive processes have commenced; but mitoses may still beseen, if 
a slight degree of degeneration exist. 

b Ordinary corpora lutea. The development of corpora lutea 
within the first six days after ovulation has been described in a 
previous paper. At six days we see for the first time, besides the 
capillary vessels, blood vessels with walls consisting of two rows 
of cells penetrating into the corpus luteum; they become some- 
what more frequent from the tenth day on. In the meantime 
mitotic division of lutein cells continues and the increase in these 
cells causes the central connective tissue to become smaller in 
amount. 

In corpora lutea ten to eleven days old a few vacuolar cells are 
present in the periphery of the corpus luteum. From ten to fif- 
teen days after ovulation vacuolization is still very slight in peri- 
pheral luetein cells. From fifteen to eighteen days more fine or 
coarse vacuolization may appear. Other lutein cells are still 
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more solid and mitoses are still present. If no new ovulation have 
taken place, degeneration becomes more marked after twenty days; 
twenty-four days after ovulation we noticed a small amount of 
connective tissue growing into the periphery. At this period the 
number of mitoses is already diminished. In cases in which, 
between the eighteenth and twenty-sixth day after ovulation, a 
new rupture of follicles sets in, the degenerative processes are 
still more marked; mitoses may still be seen in the course of the 
first day after rupture of the follicles, but they disappear after- 
wards and the degenerative processes progress. The vacuoliza- 
tion of the lutein cells increases, the corpora lutea shrink, the con- 
nective tissue becomes gradually hyaline and is relatively pre- 
ponderating in quantity over the lutein cells. About six days after 
the new ovulation (in approximately twenty-six days old corpora 
lutea) yellow pigment may be seen for the first time in the vacuo- 
lar lutein cells. Eight days after the new ovulation the corpus 
luteum is much shrunken, and ten to eleven days after the new 
ovulation corpora lutea approximately thirty-one to thirty-two 
days old have been reduced to small vacuolar bodies, around 
which a strong connective tissue capsule may appear. Corpora 
lutea thirty-three to forty days old (twelve to nineteen days 
after new ovulation) still, represent vacuolar bodies; but now 
gradually the transformation into a yellow body sets in. Corpora 
lutea about forty-five days old have the appearance of yellow 
bodies and they may probably persist as such for a long time, 
after the third ovulation has taken place. Thus three generations 
of corpora lutea may be present side by side in the same ovary. 

c. Corpus luteum of pregnancy. The corpus luteum of pregnancy 
differs from the ordinary corpus luteum in the longer duration of 
mitotic division, and the delay in retrogressive changes. Although 
slight vacuolization may be noticeable at relatively early stages, 
the corpora lutea of pregnancy are still in a good condition thirty- 
five to forty days after ovulation and they may still show mitoses 
at this period. Towards the latter part of pregnancy however 
degenerative processes set in, vacuolization and loss in staining 
power of the nuclei, and other changes, are noticeable. Mitoses 
could not be seen at this stage, and they appeared to be absent 
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after delivery had taken place. From ten to twelve days after 
delivery yellow pigment was seen in a few of the lutein cells in the 
corpus luteum of the previous pregnancy. 

Thirteen to twenty days after delivery the corpus luteum is still 
much larger than an ordinary corpus luteum at the same period 
after ovulation, but considerable shrinking has already taken 
place. Twenty-seven days after delivery the corpus luteum is 
very small and vacuolar, with much hyaline connective tissue, 
but has not yet been transformed into a yellow body; but at a 
later stage, approximately sixty days after delivery (or possibly 
somewhat earlier) the corpus luteum appears as a yellow body, 
and as such it may persist for some time. 

d. In the developing ovaries degeneration of the granulosa and 
connective tissue atresia of follicles are found as soon as the folli- 
cles have reached a relatively large size; these retrogressive changes 
first appear in guinea pigs approximately fourteen to eighteen 
days old, while the first ovulation appears much later, namely 
two to three and a half months after birth. 
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INTRODUCTION 


In the first of these ‘Studies’ (05a) I deseribed the idiochromo- 
somes (X and Y-chromosomes) of Nezara hilaris as being of equal 
size in the male, and reached the conclusion that in this species 
no visible dimorphism appears in the spermatid-nuclei. In my 
third ‘Study’ (06), after examination of the female diploid groups, 
this species was assigned a unique position as the single then 
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known representative of a type in which a pair of idiochromo- 
somes can be identified in both sexes, but are of equal size in 
both, and in which, accordingly, no visible sexual differences ap- 
pear in the diploid nuclei. These conclusions, as is now appar- 
ent, were based upon a wrong identification of the idiochromo- 
some-pair, which is not the smallest pair, as I then believed,! but 
one of the largest. When this fact was recognized, the true con- 
ditions soon became evident. 

I was led to re-examine Nezara hilaris by the fact (very sur- 
prising to me) that in Nezara viridula, a southern species closely 
similar to N. hilaris, the idiochromosomes of the male are ex- 
tremely unequal in size, and the dimorphism of the spermatid- 
nuclei is correspondingly marked. Upon returning to the study 
of N. hilaris it soon became manifest that the dimorphism is 
present in this species also, though in far less conspicuous form. 
The size-difference between the X- and Y-chromosomes is here 
often so slight that I did not at first distinguish it from an incon- 
stant fluctuation of size, such as is sometimes seen between the 
members of the other chromosome-pairs. When, however, the 
identity of the XY-pair was correctly recognized, its constancy 
of position and of size in the second division enabled me to make 
an accurate comparison between it and the other bivalents; and 
this fully established the constant inequality of its members, 
which is constantly greater than that now and then seen in other 
pairs. Both species also exhibit some other very interesting 
features that I overlooked in my former studies. 

Nezara can therefore no longer stand as a representative of 
the third of the types distinguished in my third ‘Study,’ but 
belongs with Euschistus, Lygaeus, etc., in the second type 


‘This was in part because in most of the other forms known at the time the 
idiochromosomes are in fact the smallest, or one of the smallest, pairs. In part, 
also, I followed Montgomery (’01) who described in this species two small “‘ chro- 
matin nucleoli” in the spermatogonial groups, and believed them to be identical 
with the chromatic nucleolus of the growth-period. In a later paper (’06) Mont- 
gomery states these ‘“‘chromatin nucleoli’ to be ‘‘apparently not quite equal in 
volume,”’ and asserts that I was in error in describing them as equal. In my 
material they are certainly equal in the great majority of cases. However, this 


is not the idiochromosome-pair. 
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DESCRIPTIVE 


Since the two species agree very closely save in respect to the 
idiochromosomes they may conveniently be considered together. 
Before describing the divisions, attention may be called to a 
striking difference between the two species in respect to the size 
of the cells and karyokinetic figures. As a comparison of the 
figures will show, the spermatocytes and maturation division- 
figures of N. hilaris are much Jarger than those of N. viridula. 
In the spermatogonia this difference is also apparent, though less 
marked. In the ovaries, strange to say, it cannot certainly be 
detected, either in the dividing cells or in the nuclei of the follicle- 
cells or of the tip-cells at the upper end of the ovary. It would be 
interesting to make a more accurate study of these relations; 
but I will here only state that the differences between the two 
species seem to arise mainly through greater growth of the 
spermatocytes in N. hilaris. With this is correlated a greater 
size of the testis as a whole; but the size of the entire body in this 
species is but little larger, as far as I have observed, than in N. 
viridula. 

As regards the general features of the divisions, the diploid 
groups of both sexes uniformly contain fourteen chromosomes, 
the first spermatocyte-division eight and the second seven, the 
idiochromosomes being, as is the rule in Hemiptera, separate and 
univalent in the first division. 


1. The second spermatocyte-division 


a. The idiochromosomes. Polar views of the second division 
always show 7 chromosomes which are usually grouped in an 
irregular ring of six with the seventh near its center (fig. 3 j—m, 
figs. 14, 15). In both species one chromosome of the outer ring 
(s) can usually be distinguished as the smallest, though this is 
not always evident owing to the apparent variations produced 
by different degrees of elongation. This is the chromosome that 
I formerly supposed to be the idiochromosome-bivalent, despite © 
its peripheral position, and despite the fact, which I had myself 
described, that a similar small chromosome, also peripheral in posi- 
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EXPLANATION OF TEXT FIGURES 


Figures 1 to 9 are from camera drawings, and are not schematized except 
that in a few instances the chromosomes have been artificially spread out in a 
series in order to facilitate comparison. Figs. 2 k-l are somewhat more enlarged 
than the others. In all the figures d denotes the double chromosome or ‘d-chro- 
mosome,’ s the small chromosome, X the large idiochromosome and Y the small. 
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Fig. 1 Thesecond spermatocyte-division in Nezara viridula. a-d, metaphases 
in side view; e-g, anaphases; h, 7, polar views of two sister-groups, middle ana- 
phase, from the same spindle and in the same section. 


tion, appears in several other pentatomids (e.g., in Euschistus, Coe- 
nus and Mineus). But Nezara forms no exception to the rule that 
the central chromosome is the idiochromosome-bivalent. In N. 
viridula this is immediately apparent in side views (often also in 
polar views) where the central chromosome is seen to consist of two 
very unequal components, the smaller being not more than one 
fourth or one fifth the size of the larger (fig. 1 a-c). In the ana- 
phases these separate and pass to opposite poles, while all the others 
divide equally (fig. 1 e-g). Polar views of middle or rather late 
anaphases, when both daughter-groups can be seen superposed 
in the same section, clearly show the marked difference of the 
two groups in respect to the idiochromosomes (fig. 1 h-7). All the 
facts are here so nearly similar to those seen in Euschistus or 
Lygaeus as to require no further description. 


STUDIES ON CHROMOSOMES a5 


In N. hilaris the conditions differ only in that the two compo- 
nents of the central chromosome are but slightly unequal; but in 
the examination of at least two hundred of these divisions I have 
never failed to detect the inequality. A series of side views are 
shown in fig. 2 a-7, figs. 16-21, two of which show all the chromo- 

somes. These figures illustrate practically all the variations 
that have been seen in the idiochromosomes. The most charac- 
teristic condition is that seen in 2 a, b, d, in which both idiochro- 
mosomes (X and Y) are more or less elongated and united end to 
end. Less often one of them assumes a more spheroidal form 
(fig. 2 e, h, z, fig. 17). The size-difference, though always evident, 
seems to vary slightly (perhaps because one or the other compo- 
nent may be more or less compressed laterally), but is always dis- 
tinctly greater than that now and then seen in other bivalents. 

Fig. 2 7 shows a mid-anaphase? (ef. figs. 21-23) in which the 
inequality would hardly be noticed without close study and the 
comparison of other cases. Figs. 2 & and / are similar stages 
showing all the chromosomes spread out in a series for the sake 
of comparison. In both, the two idiochromosomes are easily 
distinguishable,’ and the larger is seen to be one of the three largest 
chromosomes. Figs. 2 m—n, o-p, g-r and s—t are pairs of sister- 
groups, in each case from the same spindle in anaphase. All of 
these are selected from cases in which a distinct size-difference 
appears between X and Y, but there are also many cases in which » 
this cannot be seen. Such a case was figured in fig. 4 e—f of my 
first ‘Study’ the correctness of which is confirmed by re-examina- 
tion of the original section. This condition is due simply to the 
fact that the large idiochromosome is more elongated than the 
small, so that the size-difference cannot be seen in polar view; 
and for the same reason it is often not evident in polar views of 
the metaphase. 


2 This and the two following figures are a little more enlarged than the others. 

3 Fig. 21 is the same group figured in fig. 4 d of my first ‘Study,’ carefully redrawn 
and corrected. A comparison of the two drawings will show that in the latter a 
distinct size-difference between X and Y is actually shown but is minimized by 
the fact that the former is represented a trifle too small, the latter a little too 
large. It is now also evident that they are connected by two connecting fibres 
instead of by one. 
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Fig. 2 The second spermatocyte-division in Nezara hilaris. a7, metaphase 

figures in side view, a and e showing all the chromosomes; j—l1, mid-anaphases; in 

k and 1 all the chromosomes are shown artificially spread out in series; m—n, o-p, 


q-r, s-t, four pairs of sister-groups from late anaphases, in polar view, in each case 
from the same spindle. 


STUDIES ON CHROMOSOMES Ch 


b. The double chromosome. A second interesting feature of the 
second division that I formerly overlooked is the presence of a 
remarkable double chromosome which in the metaphase has ex- 
actly the appearance of a butterfly with widespread wings. This 
chromosome (which may be called the d-chromosome) is shown in 
profile view in 2 b-e and 1 a-d, 16, 17, 20, 24, 25. This is the only 
chromosome in the second division that shows any approach to a 
_ quadripartite form, andits characters are so marked asto constitute 
the most striking single feature of the division. As the figures 
show, it is one of the largest of all the chromosomes. It always 
has an asymmetrical tetrad shape, giving exactly the appearance 
of a smaller and a larger dyad in close union; and it always lies 
in the outer ring, so placed as to undergo an equal division, and 
with the larger wings of the butterfly turned towards the axis of 
the spindle. In polar view (3 j—m) the duality is far less apparent 
and sometimes invisible, even upon careful focussing. In N. 
viridula the duality is always apparent in side view, but the but- 
terfly shape is usually less evident than in N. hilaris. 

In the initial anaphases the d-chromosome divides symmetri- 
cally, drawing apart into two bipartite chromosomes (2 7, k, 1 g); 
but this is seldom evident save in profile view. Viewed from the 
pole the duality does not now ordinarily appear, though it may 
still sometimes be seen upon careful focussing. In the later ana- 
phases the two components tend to fuse, and often can no longer 
be distinguished. Not seldom, however, the duality is visible 
even in the final anaphases; and sometimes this is so conspicuous 
that the spermatid-group seems at first sight to comprise eight 
instead of seven separate chromosomes (n, 7, 8, t). 

Since the duality of this chromosome does not certainly appear 
in the spermatogonial groups or in the first spermatocyte-division, 
its peculiar form in the second division might be supposed to 
result from some special mechanical relation to the spindle-fibers 
in that division. This is, however, excluded by examination of 
the interkinesis, in which the chromosomes are irregularly scat- 
tered.” In these stages, even when the spindle is still very small 
and the chromosomes lie in a quite irregular group, the butterfly 
shape is already perfectly evident; and it shows no constancy of 


78 EDMUND B. WILSON 


relation to the spindle-axis, often lying at right angles to the 
latter. Apparently therefore its duality’ arises quite independ- 
ently of the spindle or astral rays, and its constant position in 
the fully formed spindle is the result of a later adjustment. In 
this species, as in many others, each chromosome is connected with 
the pole by a bundle of delicate fibers. In case of the d-chromo- 
some this bundle is very broad, but I cannot be sure that it is 
double. 

At first sight any observer would, I think, take the d-chromo- 
some to be merely a result of the accidental superposition or close 
adhesion of two separate dyads of unequal size; but such an inter- 
pretation is inadmissible. When all the chromosomes can be 
unmistakably seen, the d-chromosome is found to constitute one 
of the seven separate elements invariably present in this division; 
and since the diploid number is 14 in both sexes this chromosome 
must represent one chromosome, not two, of the original sperma- 
togonial groups. It is certain, therefore, that the double appear- 
ance does not result from close apposition of two separate chromo- 
somes; it is therefore not a ‘‘tetrad” in the ordinary sense of the 
word—+.e., not one that results from the synapsis of two chromo- 
somes that are originally separate in the diploid groups. 


2. The first spermatocyte-division 


This division requires only brief mention. As stated, it shows 
eight separate chromosomes, of which the only one that can be 
positively identified is the Y-chromosome of N. viridula. This 
chromosome, always immediately recognizable in this species 
by its small size (8 c, d, f, g, 2), figs. 12, 18), is usually central in 
position, like the m-chromosome of the Coreidae, but this is not 
invariable. Since it divides equally, and without association with 
any other chromosome (3 g) it is evident that the two idiochro- 
mosomes must be separate and univalent in this division. In N. 
hilaris (8 a, 6, figs. 10, 11) the eight chromosomes usually form an 
irregular ring, there is no central chromosome, and neither idio- 
chromosome can be certainly recognized. It nevertheless seems 
a safe inference from what is seen in N. viridula that the two 
idiochromosomes are here also separate and univalent. 
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Fig. 3 First and second spermatocyte-divisions in the two species of Nezara. 
a, b, first division, hilaris, polar views: c, d, corresponding views of viridula; first 
division, hilaris, side view showing five of the chromosomes in position and the 
other three to the right above; f, corresponding view of viridula; g, middle ana- 
phase, viridula, showing division of Y; A, first division metaphase, hilaris, all the 
chromosomes artificially spread out in series; 7, corresponding view of viridula; 


j, k, second division metaphase, hilaris, polar views; /, m, corresponding views 
of viridula. 
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In this division the d-chromosome can not be identified in either 
species. Figs. 3 e, f, h, 7, show all the chromosomes of the two 
species, in each case from a single spindle in side view. -Most 
of them have a simple bipartite form, but in each species two or 
three of them often appear more or less distinctly quadripartite 
as is, of course, often the case with the bivalents in this division. 
In N. hilaris one of the largest chromosomes is usually more 
elongated than the others, and each half shows a slight trans- 
verse constriction. I suspect that this may be the d-chromosome, 
but cannot establish the identification. 


3. The growth-period and spermatocyte-prophases 


These stages fully bear out the conclusions based upon the 
divisions and establish the identity of the idiochromosome-pair 
with the chromatic nucleolus of the growth-period. Throughout 
the growth-period each nucleus contains a single intensely stain- 
ing spheroidal chromatic nucleolus and in addition a very large, 
clearly defined pale plasmosome, which is sometimes double. 
Series of drawings of these two bodies (in each case from the same 
nucleus, and in their relative position) are given in figs. 4 7-1 and 
m—-p, from cells of the middle growth-period. They are also 
shown in figs. 26-29. In these stages no sign of duality is to be 
seen in the chromatic nucleolus, even after long extraction or in 
saffranin preparations. In later stages, as the chromosomes begin 
to condense, this nucleolus becomes less regular in outline, and 
gradually assumes a tetrad form, which becomes very clear as 
the chromosomes assume their final shape. This transformation 
may be traced without a break, successive stages being often seen 
within the same cyst. Just before the nuclear wall breaks down 
this tetrad is still clearly distinguishable from the others by its 
asymmetrical quadripartite form, as seen in 4 y, z, which show all 
the chromosomes (in each case from two successive sections). 
Figs. 4 g-t show four views of this tetrad at this period in N. 
hilaris, while w-v are corresponding views of N. viridula. These 
figures (which might be indefinitely multiplied) show the marked 
differences between the two species in respect to this tetrad, 
obviously corresponding to that seen between the idiochromosome 


Fig. 4 The diploid groups, nucleoli of the growth-period, and late prophase- 
figures of the two species of Nezara. a, b, spermatogonial groups, hilaris;c, d, the 
same, viridula; e, f, ovarian groups, hilaris; g, h, the same, viridula; 7-1, chromatic 
nucleolus and plasmosome from the growth-period, in each ease from the same 
nucleolus in their relative position; m—p, corresponding views, viridula; g-t, the 
idiochromosome-tetrad (chromatic nucleolus) from prophase nucleoli, hilaris; 
u-x, corresponding views, viridula; y, late prophase nucleus, showing all the 
chromosomes, hilaris (combination figure from éwo sections); z, corresponding 
stage, viridula, three of the chromosomes from adjoining section at the right. 
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bivalents of the two in the second division.‘ The two species 
may in fact readily be distinguished by mere inspection of the 
chromatic nucleolus at this period. Already at this time the two 
components are here and there seen to be separating, but as a 
rule they do not finally move apart until the nuclear wall has 
dissolved. From this time forward they cannot be individually 
identified with exception of the small idiochromosome of N. 
viridula, which is obvious at every period. 

As far as my material shows, the earlier stages of the idio- 
chromosomes can not be so readily traced in Nezara as in some 
other species, and the chromatic nucleolus can not actually be fol- 
lowed backward to the spermatogonial telophases—as can be 
done in such forms as Lygaeus or Oncopeltus, of which a detailed 
account will be given in a later publication. The prophase-figures, 
however, decisively establish its identity with an unequal pair of 
chromosomes that divide separately in the first spermatocyte- 
division; and in N. viridula, one of these is certainly the small 
idiochromosome. It may therefore confidently be concluded 
that the chromatic nucleolus is identical with the idiochromo- 
some-pair, as in so many other cases. Comparison of the division- 
figures proves that this pair can not be identical with the small 
pair that I formerly supposed to be the idiochromosome-pair; 
and this small pair is moreover usually recognizable in the pro- 
phase groups (s, in 5 y, 2) in addition to the unequal pair. 

The foregoing facts make it clear that in Nezara the idiochromo- 
somes undergo a process of synapsis at the same time with the 
other chromosome-pairs, and that their separation before the first 
division is a secondary process, to be followed by a second conju- 
gation after this division is completed. A similar process often 
takes place in many other Hemiptera. There are, however, some 
forms, like Oncopeltus, in which the idiochromosomes are always 
separate, from the last spermatogonial division through all the suc- 
ceeding stages up to the end of the first division. In this case, 
which I shall describe more fully hereafter, there can be no doubt 
that the conjugation which follows the first division is a primary 
synapsis, to be immediately followed by a disjunction. 


‘Cf. the earlier figures of the corresponding tetrad in Brochymena in my first 
‘Study,’ fig. 7. 
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4. The diploid chromosome-groups 


In these groups the interest centers again in the identity of the 
idiochromosomes and the d-chromosome. Of the 14 separate 
chrosomomes present. in the diploid nuclei of both sexes, none 
shows any constant indication of duality (figs. 4 a-h). The d- 
chromosome can not, therefore, be identified in these stages. 
Secondly, in both species the diploid groups of the two sexes show 
the same relation as in other Hemiptera of this type, though this 
is, of course, more readily seen in N. viridula than in hilaris, owing 
to the small size of the Y-chromosome. In the spermatogonial 
groups of this species (4 c, d) this chromosome is at once recog- 
nizable while in the female groups (g, h) it is lacking, its place 
being taken by one of larger size. In both sexes the small pair 
(s, s) is also recognizable. In this species, accordingly, the Y- 
chromosome is confined to the male line, and the Y-class of 
spermatozoa must be male-producing, as in other forms. 

In N. hilaris the Y-chromosome can not be identified (4 a, b), 
but the relation of the spermatozoa to sex-production is shown in 
another way, though less unmistakably than in N. viridula. As 
already described, the large idiochromosome or X-chromosome is 
. one of the largest three chromosomes seen in the second division. 
We should therefore expect to see five largest chromosomes in 
the male diploid groups. This is clearly apparent in figs. 4 a, b, 
and is also shown in the corresponding figures of N. viridula 
(c, d) though not quite so clearly. One of these five in the male 
should be the X-chromosome; and if the usual relation of the 
spermatozoa to sex hold true, there should be six largest chro- 
mosomes in the diploid groups of the female. This relation actu- 
ally appears in nearly all cases, and is shown in figs. 4 e, f, g, h, in 
each of which, again, the small pair (s, s) may be recognized. 
Though this evidence is in itself less convincing than that afforded 
by N. viridula (since the relation can not always be made out 
with certainty) it is fully in harmony with the latter, and sustains 
the same conclusion.® 

* This relation is shown in my original figures of N. hilaris, though not quite 
as clearly as in the groups here figured. In my first ‘Study’ (’05) the five largest 
chromosomes are very clearly shown in fig. 4h, and are also evident in4q. In the 


third ‘Study’ the relation is hardly evident in the male but fairly so in the 
female (figs. 51, m). 
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GENERAL 
5. The idiochromosomes 


The case of Nezara shows how readily a morphological dimorph- 
ism of the spermatid-nuclei may be overlooked when the X- and 
Y-chromosomes do not differ markedly in size; and it emphasizes 
the necessity for the closest scrutiny of these chromosomes in the 
study of this general question. In my fourth ‘Study’ I placed 
with Nezara hilaris, as a second example of my original ‘third 
type,’ the lygaeid species Oncopeltus fasciatus (Dall.), on the 
strength of Montgomery’s account of the conditions in the male 
(01, 06) and my own unpublished observations on both sexes. 
While I have carefully re-examined this case also, I am not yet 
prepared to express an unqualified opinion in regard to it. Cer- 
tainly, in very many of the cells of this species, at every period of 
the spermatogenesis, the idiochromosomes (which are always sep- 
arate up to the second division) seem to be perfectly equal. A 
slight inequality may indeed be seen in some cases; but as far as I 
can yet determine this seems to fall within the range of the size- 
variation in other chromosomes and gives no positive ground for 
the recognition of a morphological dimorphism in the spermatozoa. 
A similar condition has been described in several other insects, not- 
ably in some of the Lepidoptera (Stevens, ’06; Dederer, ’08; Cook, 
710), in the earwig Anisolaba (Randolph, ’08) and apparently also 
in the beetle Hydrophilus according to Arnold (’08). I see no rea- 
son to question these observations; but the interpretation to be 
placed on them is by no means clear at present. The experimental 
evidence on the Lepidoptera seems to demonstrate that in at least 
one case—that of Abraxas according to Doncaster and Raynor,— 
it is the eggs and not the spermatozoa that are sexually dimorphic; 
that is, in the terms that I have recently suggested (’10a), in 
this case it is the female that is sexually ‘digametic’ while the 
male is ‘homogametic.’ Baltzer’s careful work on the sea- 
urchins (’09) clearly demonstrates a cytological sexual dimorphism 
in the mature eggs of these animals, and shows that the sperm- 
nuclei are all alike. In cases, therefore, where no visible dimorph- 
ism of the spermatid-nuclei is demonstrable, two possibilities 
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are to be considered, namely, (1) that it may be the female which 
(as in sea-urchins) is the digametic sex, and (2) that one sex or 
the other may still be physiologically digametic even though this 
condition is not visibly expressed in the chromosomes. The 
first of these possibilities may readily be tested by cytological 
examination of the female groups. The second can only be 
examined by means of experiment, and especially by experiments 
on sex-limited heredity. It is interesting that the work of Don- 
caster and Raynor, cited above, and the more recent one of Morgan 
on Drosophila (10) have given exactly converse results, the former 
demonstrating a sexual dimorphism of the eggs, the latter of the 
spermatozoa. This agrees with the cytological data, as far as 
they have been worked out. The researches of Stevens (’08, 10), 
on the Diptera establish the cytological dimorphism of the sper- 
matozoa in these animals, while all observers of the Lepidoptera 
have thus far failed to find such dimorphism in this group. It 
thus becomes a very interesting question whether a cytological 
dimorphism of the mature eggs may be demonstrable in the 
Lepidoptera; though a failure to find it would in no wise lessen 
the force of the experimental data. Physiological differences be- 
tween the chromosomes are of course not necessarily accompanied 
by corresponding morphological ones—indeed such a correlation 
is probably exceptional. 

(1) (a) Composition and origin of the XY-pair. The facts 
seen in Nezara again force upon our attention the puzzle of the 
Y-chromosome or ‘small idiochromosome.’ It is remarkable 
that two species so nearly akin as N. hilaris and N. viridula should 
differ so widely in respect to this chromosome; though this is 
hardly so surprising as the fact that in Metapodius this chromo- 
some, as I have shown (’09, 710) may actually either be present or 
absent in different individuals of the same species. These facts 
show, as I have urged, that although the Y-chromosome shows a 
constant relation to sex when it is present, it can not be an essen- 
tial factor in sex-production. As the case now stands this might 
be taken as a direct piece of evidence against the view that the 
idiochromosomes are concerned with sex-heredity. Further,: as 
I have pointed out (710) in Metapodius the introduction of super- 
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numerary Y-chromosomes into the female has no visible effect 
upon any of the characters of the animal, sexual or otherwise; 
and this might be urged against the whole conception of qualita- 
tive differences among the chromosomes and of their determina- 
tive action in development. It is especially in view of these 
and certain other general questions that I wish to indicate some 
of the many possibilities that must be taken into account in the 
consideration of this problem. My discussion is throughout 
based upon the asswmption that the chromosomes do in fact 
play some definite role in determination, and that they exhibit 
qualitative differences in this respect. I do not hold that they 
are the exclusive factors of determination; though it is often con- 
venient, for the sake of brevity, to speak of them as if they were 
such. 

(2) Cytologically considered, the morphological dimorphism 
of the spermatozoa seems to have arisen by the transformation 
of what was originally a single pair of chromosomes comparable 
to the other synaptic pairs. We have at present no information 
as to whether the members of this pair were equal or unequal in 
size; but in either case there are grounds for the assumption that 
its two members differed in some definite way in respect to the 
quality of the chromatin of which they were composed. This 
pair, which may be called the primitive X Y-pair, has undergone 
many modifications in different species, but without altering its 
essential relation to sex. In the insects (Hemiptera, Coleoptera, 
Diptera) its most frequent condition is that of an unequal pair, con- 
sisting of a ‘large idiochromosome’ or ‘X-chromosome,’ and a 
“small idiochromosome’”’ or ‘ Y-chromosome,’ the latter being con- 
fined to the male line, while the former appears in both sexes— 
single in the male and paired in the female. That all gradations 
exist between cases where X and Y are very unequal (as in many 
Coleoptera and Diptera and in some Hemiptera) and those in which 
they are nearly or quite equal (Mineus, Nezara, Oncopeltus) gives 
some ground for the conclusion that in the original type the 
XY-pair was but slightly if at all unequal. 

By disappearance of the free Y-member of this pair has arisen 
the unpaired odd or ‘accessory’ chromosome, which accordingly 
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has no synaptic mate. This condition seems to have arisen in 
more than one way. It is almost certain that in many cases the 
Y-chromosome has disappeared by a process of gradual and pro- 
gressive reduction (as indicated by the graded series observed 
in the Hemiptera (Wilson, ’05b, ’06). In some cases (of which 
Metapodius is an example) the same result may have been pro- 
duced suddenly by a failure of the idiochromosomes to separate 
in the second spermatocyte-division (Wilson, ’09b). <A third pos- 
sibility, first suggested by Stevens (’06), is that the X-element 
may have separated from a YY-pair with which it was originally 
united. This possibility seems to be supported by recent obser- 
vations on Ascaris megalocephala, where the X-chromosome is 
sometimes fused with one of the other pairs, sometimes free 
(Edwards, 710). 

(3) We have as yet no positive knowledge as to how the X- 
member of the XY-pair originally differed, or now differs, from 
the Y, or as to how this difference arose—a definite answer to 
these questions would probably give the solution of the essential 
problem of sex. There are, however, pretty definite grounds for 
the hypothesis that the X-member contains a specific ‘X-chroma- 
tin’ that is not present in the Y-member, and that the X Y-pair 
is heterozygous in this respect. If this be so, the primary sexual 
differentiation is therefore traceable to a condition of plus or 
minus in this pair, accompanied by a corresponding difference 
between the nuclear constitution of the two sexes. (Cf. Wilson, 
10a.) Further, there is also reason for regarding the heterozy- 
gous condition of this pair as due to the presence of the X-chroma- 
tin in one member of a pair which is (or originally was) homozy- 
gous in respect to its other constituents. The latter may be 
called collectively the ‘Y-chromatin’; and we may, accordingly, 
think of the XY-pair as being essentially a YY-pair with one 
member of which the X-chromatin is associated.6 Both the X- 


6 This suggestion is in principle the same as one earlier made by Stevens (’06, 
p. 54) that the Y-chromosome represents ‘‘some character or characters which 
are correlated with the sex-character in some species but not in others,” with one 
member of which the X-chromosome is fused; and that ‘“‘a pair of small chromo- 
somes might be subtracted from the unequal pair, leaving an odd chromosome.”’ 
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chromatin and the Y may themselves be composite, thus giving 
the possibility of many secondary modifications. The point of 
view thus afforded opens many possibilities for an understanding 
of sex-limited heredity, as indicated beyond. 

(b) Modtfications of the X-element. This view of the XY-pair 
is based upon two series of facts, of which the first includes the 
various modifications of the X-member of the pair seen in dif- 
ferent species. It is, perhaps, most directly suggested by a study 
of the pentatomid species Thyanta custator. In this common and 
widely distributed species I have found two races, which thus far 
can not be distinguished by competent systematists,? but which 
differ in a remarkable way in respect to both the total number 
of chromosomes and the XY-pair. In one of these races (which 
I will call the ‘A form’), widely distributed throughout the south 
and west, the total number in both sexes is 16, and the XY-pair 
of the male is a typical unequal pair of idiochromosomes, exactly 
like that seen in many other pentatomids (e.g., Euschistus, 
Coenus or Banasa). These are shown in fig. 5a, 6, their mode 
of distribution being the usual one. The second race (the ‘B 
form’) is thus far known from only a single locality in northern 
New Jersey. It differs so remarkably from the A form that I 
could not believe the observations to be trustworthy until repeated 
study of material, collected in four successive years, established the 
perfect constancy of the cytological conditions and the apparent 
external identity of the two forms. In this race the XY-pair is 
represented by three small chromosomes of equal size, which are 
always separate in the diploid groups and in the first spermato- 
cyte-division (fig. 57), but in the second division are united to 
form a linear triad series (5 c,d). This group so divides that one 
component passes to one pole and two to the other (5e, h), the 


7T am indebted to Mr. E. P. Van Duzee for a careful study of my whole series 
of specimens of both races. He could find no constant differential between them. 
Additional studies of this material are now being made by Mr. H. G. Barber. 

Addendum. Since this paper was sent to press Mr. Barber, after prolonged 
study, has reported his conclusion that the ‘A form’ is Thyanta custator of 
Fabricius, while the ‘B form’ is probably Thyanta calceata of Say, which has 
long been regarded as a synonym of former species. 
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Fig.5 Comparison of the XY-group in various Hemiptera. (a~ are orig- 
inal; the others from Payne.) a, 6, Thyanta custator, ‘A form,’ second division 
in side view; c, d, corresponding views of the ‘B form’; e-h, anaphases of same; 
i, polar view of first division of same; j, k, metaphase chromosomes, second divi- 
sion, Diplocodus exsanguis; 7, similar view of Rocconota annulicornis; m, similar 
view of Conorhinus sanguisugus; , Sinea diadema; 0, Prionidus cristatus; p, 
Gelastocoris oculatus; g, anaphase chromosomes of the same species; 7, the XY- 
group, from the second division, Achollamultispinosa; s, diagram, slightly modified 
from Payne, to show the distribution of the XY-components in the second divi- 
sion of the same species. 
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latter being usually in close contact and in later anaphases some- 
times hardly separable (5g), though now and then all three compo- 
nents are for a time strung separately along the spindle in the 
early anaphases, so that no doubt of their distinctness can exist 
(5 f). Comparison of the diploid groups of the two sexes shows 
that those of the male contain but three of these small chromo- 
somes and those of the female four, the total respective num- 
bers being 27 and 28 (instead of 16 in both sexes, as in the A 
form). 

These facts make it perfectly clear that one of the small chromo- 
somes in the male passes to the male-producing pole, and therefore 
corresponds to the Y-chromosome; while the other two, taken to- 
gether, represent the large idiochromosome, or X-chromosome, of 
the A form—precisely as in the reduvioids the single X-chromosome 
of Diplocodus is represented by a double element in Fitchia, 
Roceonota or Conorhinus (Payne). Had we no other evidence 
on this point we might assume simply that the original X-chro- 
mosome has divided into two equivalent X-chromosomes. But 
there are other facts that give reason for the conclusion that the 
breaking up of a single X-chromosome into separate components 
means something more than this. In the B form, as in Fitchia or 
Rocconota (fig. 5 1), the X-element consists of two equal compo- 
nents, but in Conorhinus the two components are always of un- 
equal size (5m). In Prionidus and in Sinea there are three equal 
components (5 n, 0), in Gelastocoris four equal ones (5 p, and 
in Acholla multispinosa five, of which two are relatively large 
and equal and three very small (57, s). In every case these com- 
ponents, though quite separate in the diploid groups (and usually 
also in the first spermatocyte-division) act as a unit in the second 
division, though not fused, and pass together to the female-produc- 
ing pole (Payne, ’09, 710). 

In the foregoing examples the X-element is accompanied by a 
synaptic mate or Y-chromosome. The following are examples of 
a similar breaking up of the X-element into separate components 
when such a synaptic mate is missing. In Phylloxera (Morgan) 
the X-element consists of two unequal components, sometimes 
separate, sometimes fused together. In Syromastes (Gross, 
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Wilson) it consists of two unequal components, always separate, 
in the diploid groups but closely in contact (not fused) in both 
spermatocyte-divisions. The recent work of Guyer (10) indi- 
cates a similar condition in the X-element of man. In Agalena 
(Wallace) there are two equal components, always separate. 
Finally, in Ascaris lumbricoides (Edwards, ’10) there are five com- 
ponents, separate, and scattered in the diploid groups but closely 
associated in the spermatocyte-divisions. 

In all these cases the significant fact is that not only the number 
but also the size-relations of these components are constant; and 
in many of these forms this fact may be seen in such multitudes 
of cells, and with such schematic clearness, as to leave no manner 
of doubt. It seems impossible to understand this series of phe- 
nomena unless we assume that the single X-chromosome is essen- 
tially a compound body—~.e., one that consists of different con- 
stituents that tend to segregate out into separate chromosomes. 
We are led to suspect, further, that the composition of the X- 
element, even when it is a single chromosome, may differ widely 
in different species because of its great variations of size as between 
different species. For instance, in the family of Coreidae it is 
in some cases very large (Protenor), in others of middle size (Che- 
linidea, Narnia, Anasa), in others one of the smallest of the chromo- 
somes (Alydus). Similar examples might be given from other 
groups. 

In the case of Thyanta, therefore, it seems a fair assumption 
that the double X-element of the B form likewise represents at 
least a partial segregation of the X-chromatin from other con- 
stituents; and the latter may plausibly be regarded as represent- 
ing the ‘Y-chromatin’ of the original X-member of the pair. 
In other words, we may think of the triad element as a Y Y-pair, 
one member of which is accompanied by a separate X-chromosome. 
In accordance with this its formula should be X.Y.Y, while that 
of the A form is XY.Y; and this may also be extended to other 
forms of similar type. If this be admissible, the male formula, as 
regards essential chromatin-content, becomes in general XY.Y 
and the female XY.XY, both sexes being homozygous for the 
Y-constituents, while in respect to X the male is heterozygous, 
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the female homozygous. The puzzle of the Y-chromosome 
would thus be solved; for although a separate Y-chromosome, 
when present, is confined to the male line, its disappearance 
only reduces the male from a homozygote to a heterozygote in 
respect to the Y-chromatin, and the introduction of supernumer- 
ary Y-chromosomes into the female (as in Metapodius) brings in 
no new element. 


Fig. 6 Compound groups formed by union of the X-chromosome with other 
chromosomes in the Orthoptera. (aandb, from Sinéty, the others from McClung. ) 
a, triad group; first division of Leptynia, metaphase; b, division of similar triad in 
Dixippus; c, triad group formed by union of the X-chromosome with one of the 
bivalents, first spermatocyte-prophase, Hesperotettix; d, the same element from 
a metaphase group; e, the same element in the ensuing interkinesis; f, the com- 
pound element of Mermiria, from a first spermatocyte prophase; g, the same ele- 
ment in the metaphase (now, according to McClung, united to a second bivalent 
to form a pentad); h, the same element after its division, in the ensuing telophase. 


The same general view as that outlined above is suggested by the 
constant relation known to exist in some cases between the X- 
chromosome and a particular pair of the ‘ordinary chromosomes.’ 
The first observed case of this was recorded by Sinéty (’01) in 
the phasmid genera Leptynia and Dixippus (fig. 6 a, b), where the 
X-chromosome is always attached to one of the bivalents in the 
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first spermatocyte-division, and passes with one half of the bivalent 
to one pole. Since the spermatogonial number in Leptynia (36) 
is an even one and twice that of the separate chromosomes present 
in the first spermatocyte-division, it may be inferred that the 
X-element is already united with one of the ordinary chromo- 
somes in the spermatogonia, though Sinéty does not state this. 
Somewhat later McClung (’05) discovered essentially similar rela- 
tions in the grasshoppers Hesperotettix and Anabrus (fig. 6, 
c-e),and in ease of the first named form was able to establish the 
important fact that it is always the same particular bivalent with 
which the X-chromosome is thus associated. In respect to the 
intimacy of this association, a progressive series seems to exist, 
since in Leptynia it seems to take place in the spermatogonia, in 
Hesperotettix only in the prophases of the first spermatocyte- 
division, while in Thyanta the union is only effected after the 
first division is completed. 

Finally, the recent observations of Boring (’09), Boveri (’09) 
and Edwards (’10) seem to establish the fact that in Ascaris megalo- 
cephala the X-element, whether in the diploid groups or in the 
maturation-divisions, may either appear as a separate chromo- 
some (which has the usual behavior of an accessory chromosome) 
or may be indistinguishably fused with one of the ordinary chromo- 
somes. 

These relations may, of course, be the result of a secondary 
coupling; and I myself formerly so interpreted them (’09c). But 
in view of what is seen in Thyanta or the reduvioids we may 
well keep in mind the possibility that they are expressions or 
remnants of a more primitive association, like that which I have 
assumed for an original XY-pair. Whatever be their origin, the 
effect is the same—a definite linking of the X-chromatin with 
that of one of the other pairs. 

Fig. 7 shows, in purely schematic form, the general conception 
of these relations that has been suggested above, the X-chromatin 
being everywhere represented in black. A is the primitive XY- 
pair from which all the other types may have been derived. By 
simple reduction of such a pair arises the ordinary or typical 
idiochromosome-pair (B); and from either A or B may be derived 
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the other types (C-G),* or the more complicated ones shown in 
fig. 5. I represents the possible mode of separation of the 
X-element from a YY-pair, as suggested by Stevens; and this 
may be realized in Ascaris megalocephala (H). J and K are. 
schemes of the relations seen in Hesperotettix, Anabrus and 
Mermiria (cf. fig. 6). These may be direct derivatives of a 
primitive XY-pair, as the diagram suggests, or may be a result 
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Fig. 7 Diagram illustrating the possible relation of the various types of idio- 
chromosomes to a primitive XY-pair. Explanation in text. 


of secondary coupling of X with other elements. In either case 
X may itself have such a composition as is indicated in F (Prote- 
nor). 

(c) Sea-limited heredity. (1) The foregoing considerations have 
an important bearing on the problem of sex-limited heredity, 
for they give us a very definite view of how such heredity may be 
effected. It is not my intention to consider this subject in ez- 


8 These figures are not intended to indicate the precise mode of segregation of 
the X- and Y-chromatins of the X-element, but only illustrate possible modes. 


— 
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. tenso; but I wish to indicate some of the possibilities that have 
been opened by the cytological results, even at the risk of offering 
what may be regarded as too speculative a treatment of the matter. 
It is obvious that any recessive mutation should exhibit sex-limited 
heredity when crossed with the normal or dominant form, of it be due 
to a factor contained in (or omitted from) the X-element. For in- 
stance, in the remarkable Drosophila mutants discovered by 
Morgan (710) the experimental data establish the fact that white 
eye-color (which seems to follow the same type of heredity as 
color-blindness in man) is linked with a sex-determining factor in 
such a way that when the white-eyed male is crossed with the 
normal red-eyed female, the former character is never transmitted 
from father to son, but through the daughters to some of the 
grandsons (theoretically to 50 per cent), though the daughters are 
not themselves white-eyed; that is, after such an initial cross, white 
eyes fail to appear in the F, generation in either sex and in the 
F, generation appear only in some of the males. As Morgan 
points out, this follows as a matter of course if the factor for white 
eye be identical with, or linked with, a sex-determining factor in 
respect to which the male is heterozygous or simplex, the female 
homozygous or duplex. The X-element exactly corresponds in 
mode of distribution to such a sex-determining factor; for this 
chromosome, too, is simplex in the male, duplex in the female 
and its introduction into the egg by the spermatozoon produces 
the female condition, its absence the male. This chromosome 
therefore, as I have shown (’06), is never transmitted from father 
to son, but always from father to daughter. Conversely, the 
male zygote always receives this chromosome from the mother. 
So precise is the correspondence of all this with the course of sex- 
limited heredity of this type that it is difficult to resist the con- 
clusion that we have before us the actual mechanism of such 
heredity—in other words, that some factor essential for sex is 
associated in the X-element with one that is responsible for the 
sex-limited character. 

This will be made clearer by the accompanying diagram (fig. 
8) where the X-element assumed to be responsible for a recessive 
sex-limited character is underscored (X). This character may 
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be regarded as due to the absence of some particular constituent 
that is present in the normal X-element. 
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Fig.8 Diagram of the distribution of the X- and Y-elements in successive 
generations, illustrating sex-limited heredity. The underscored X-element (X) 
is assumed to bear a factor for a recessive character (e.g., white eye-color), while 
X represents the normal or dominant character (e.g., red eye-color). Y (being the 
absence of X) likewise represents the recessive character. 


Upon pairing the affected male (XY) with the normal female 
(XX) there are in the F, generation but two possible combina- 
tions, XX and XY. The affected X-chromosome here passes 
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into the female, and the male is normal; but the female of course 
likewise shows only the normal (dominant) character. In the 
following F» generation (5) there are four possible combinations 
XX, XX, XY and XY, two of each sex. Though X is present in 
half of each sex, the character appears only in the males, XY, 
again because of its recessive nature. By crossing together males 
of the composition XY and females of composition XX, some of 
the resulting females will have the composition XX, and the sex- 
limited character is thus made to appear in the female. 

When the female is the heterozygous or digametic sex—as in 
sea-urchins, in Abraxas, the Plymouth Rock fowls, ete.—exactly 
the converse assumption has to be made. Here, as Spillman 
(08) and Castle (09) have pointed out, the observed results 
follow if the sex-limited character (e.g., lacticolor color-pattern 
in Abraxas) be allelomorphic to, or the synaptic mate of, a sex- 
determining factor, X, that is present as a single element in the 
female but absent in the male. The formulas now become? 
(as Spillman has indicated) XG (¢ grossulariata), GG (¢ gross.) 
XG (¢ lacticolor) and GG (¢ lact). XG x GG then gives 
in F, XG and GG (gross. ¢ and «), G having passed from the 
female to the male. The following cross, XG x GG gives in F, 
the four types XG, XG, GG and GG,—~.e., grossulariata appear- 
ing in both sexes but lacticolor only in the female. By crossing 
XG with GG some of the progeny will have the composition GG 
(# lacticolor). The other combinations follow as a matter of 
course. 

This interpretation is in all respects the exact converse of 
that made in the case of Drosophila, which is also the case with 


° These formulas are in substance the same as those stated by Mr. Spillman in 
a private letter to the writer, and are a simplified form of those suggested by Castle 
(09). The interpretation thus given seems both the simplest and the most satis- 
factory from the cytological point of view of all those that have been offered. It 
obviates the cytological difficulties that I urged (09) against Castle’s formulas, 
and renders unnecessary the secondary couplings that I suggested. All these 
ways of formulating the matter conform, of course, to the same principle and 
differ only in details of statement. Whether the synaptic mate of X is directly 
comparable to the Y-chromosome of other insects (in which case the female formula 
becomes XY and the male YY) is an open question. 
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the experimental results, as Morgan has pointed out. It seems 
probable that all the observed phenomena may be reduced in 
principle to one or the other of these schemes, though many modi- 
fications or complexities of detail probably exist. A possible basis 
for many such modifications seems to be provided by the cyto- 
logical facts already known. 

(2) We might assume that in cases of the first type (e.g., Droso- 
phila) both sex and the characters associated with it are deter- 
mined by the same chromatin; and such a possibility should 
certainly be borne in mind. But in view of the widely different 
nature of the characters already known to exhibit sex-limited hered- 
ity it seems improbable that we can regard them as all alike due 
to the same chromatin. In the light of the conclusions that have 
been indicated in regard to the composition of the X-element, it 
seems more probable that such characters may be determined by 
the various other forms of chromatin (‘Y-chromatin’) associated 
with the X-chromatin. If these constituents be identical with 
those contained in the free Y-chromosome (the synaptic mate of 
X) sex-limited heredity would of course not appear, since the two 
members of the pair would be homozygous in this respect. It 
should make its appearance as a result of the dropping out, or 
other modification, of certain Y-constituents of the X-element, and 
such a mutation might arise in either sex. 

We may perceive here the possibility of understanding many 
different kinds of sex-limited heredity, perhaps of complex types 
that have not yet been made known. Such a possibility is sug- 
gested, for example, by the remarkable relation discovered by 
McClung (05) in Mermiria (fig. 6f—h, fig. 7 in diagram), where 
the X-chromosome is In the first spermatocyte-division attached 
at one end to a linear chain of four other elements to form a 
pentad complex, to which may be given the formula XA. ABB. 
This so divides as to separate XA from ABB. The interpretation 
to be placed upon this is a puzzling question under any view, and 
apparently must await more extended studies on both sexes, per- 
haps also on other forms, before it can be fully cleared up. Even 
here the possibility exists, I think, that the entire complex may 
have arisen by the differentiation of a single original X Y-pair; 
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but this question is clearly not yet ready for discussion. How- 
ever such associations have arisen, the result is equally appli- 
cable to the explanation of sex-limited heredity. 

(d) Secondary sexual characters. Castle (09) has offered the 
interesting suggestion that the free Y-chromosome may be re- 
sponsible for the determination of secondary sexual characters 
in the male. Though I have criticized this view (’09c) I now 
believe it may be true for certain cases. It is obviously excluded 
when the Y-chromosome is missing; and since nearly related 
species—in Metapodius even different individuals of the same spe- 
cies—show the same or similar secondary male characters whether 
this chromosome be present or absent, it seems probable that 
these characters are in general determined in some other way. 
But if, as I have suggested, sex-limited heredity may arise through 
a modification of the Y-constituents of the X-element, it follows 
that the YY-pair thereby becomes heterozygous. In such case, 
the free Y-chromosome, being confined to the male line, should 
continue to represent characters that are no longer present in 
the female, and hence would be indistinguishable from secondary 
male characters otherwise determined. It has further become 
evident (as is indicated below) that the chromosome-groups are 
so plastic that their specific composition may vary widely from 
species to species. It may very well be, therefore, that Castle’s 
suggestion may apply to some forms. 


6G. Modes in which the chromosome-number may change 


The constant and characteristic duality of the ‘d-chromosome’ 
in the second division suggests a series of questions regarding the 
mode in which the chromosome-number may change that have 
an important bearing on those already considered. The appear- 
ance of this chromosome must suggest to any observer that it is 
a compound body, consisting of two closely united components 
that are invariably associated in a definite way; but it is especially 
noteworthy that its duality does not certainly appear before the 
last division. This case must be added to the steadily increasing 
evidence that chromosomes which appear single and homoge- 
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neous to the eye may nevertheless be compound bodies. An 
important part of it is derived from the modifications of the X- 
element reviewed above; but the evidence is now being extended 
to the ‘autosomes’ or ordinary chromosomes as well. The double 
chromosome of Nezara suggests either the initial stages of a sep- 
aration of one chromosome into two or the reverse process—in 
either case that we have before us one way in which the number, 
and the composition, of the chromosomes may change from species 
to species. This is supported by the recent observations of 
Miss E. N. Browne (710) on Notonecta. In N. undulata there 
are always, in addition to a typical unequal XY pair, two small 
chromosomes that appear in all the divisions as separate elements. 
In N. irrorata there is always but one such chromosome, the total 
number in each division being accordingly one less than in N. 
irrorata. N. insulata presents a condition exactly mtermediate, 
there being sometimes one and sometimes two such small chromo- 
somes. When, however, but one seems to be present, the second 
may often be seen closely adherent to one of the larger chromo- 
somes; and the latter may positively be identified, by its size, as 
always the same one. It can hardly be doubted, as the author 
points out, that we here see three stages in a process by which 
the chromosome-number is changing, either by the fusion of two 
originally separate chromosomes, or by the separation of one into 
two. It is of the utmost importance that this process affects 
a chromosome that can be positively identified as the same in 
each case; for this proves that the change is not an indefinite 
fluctation but the expression of a perfectly orderly process. 
While there is here (as in the case of the d-chromosome of Nezara) 
no way of knowing in which direction the change is taking 
place, either alternative involves the conception that the indivi- 
dual chromosomes may be compound bodies, whether as a re- 
sult of previous fusion or as possible starting points for a subse- 
quent segregation. 

The facts now known indicate at least four possible ways in 
which the chromosome-number (and in three of these also the 
composition of the individual chromosomes, may change from 
species to species. 
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One is that suggested by the foregoing phenomena, 7.e., the 
gradual fusion of separate chromosomes into one or the reverse 
process. 

A second mode may be the gradual reduction and final disap- 
pearance of particular chromosome-pairs, as was suggested by 
Paulmier (99), and afterwards by Montgomery and myself, in 
case of the microchromosomes, or ‘m-chromosomes’ of the co- 
reid Hemiptera. In respect to the size of these chromosomes, a 
graded series may be traced from forms in which they are very 
large (as in Protenor) through those where they are of intermediate 
size down to cases where they are very small (as in Archimerus) 
and finally to such a condition as that seen in Pachylis (fig. 
9 j-l) where they are almost as minute as centrioles and may 
almost be regarded as vestigial. Four of these stages are shown 
in fig. 9. In Protenor (a—c) the m-chromosomes are so nearly 
of the same size as the next smallest pair that they often can not 
be positively identified in the spermatogonial groups. In Lepto- 
glossus phyllopus (d-f) they are always recognizable, though not 
much smaller than the next pair. In L. oppositus or L. corcu- 
lus they are a little smaller. In Anasa (the form in which they 
were first discovered by Paulmier) they are of middle size (g-2), 
representing perhaps a fair average of the group. Several other 
genera (e.g., Metapodius) show intermediate stages between this 
condition and that seen in Archimerus (figured in my second 
‘Study,’ and more recently by Morrill) where the m-chromo- 
somes are almost as small as in Pachylis. It is most remarkable 
that throughout this whole series the m-chromosomes exhibit 
essentially the same behavior (Wilson, ’05b, ’06), usually remain- 
ing separate throughout the entire growth-period and only con- 
jugating in the final prophases of the first spermatocyte-division, 
to form a bivalent which with rare exceptions occupies the center 
of the metaphase group; in some forms, also (e.g., Protenor, Aly- 
dus) they show a marked tendency to condense at a much earlier 
period than the other chromosomes. The m-chromosomes of 
Pachylis, excessively minute though they are, exhibit a behavior 
in all respects as constant and characteristic as even the largest 
of the series. In the Lygaeidae they seem to be present in some 
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species (Oedancala, ¢. Montgomery), in others absent (Lygaeus). 
In the Pyrrhocoridae (Pyrrhocoris, Largus) they are absent as 
far as known. So characteristic is the behavior of these chromo- 
somes as to leave not the least doubt of their essential identity 
throughout the whole series; and this series may be regarded as a 
progressive one, in one direction or the other, with the same reason 
as in case of any other graded series of morphological characters. 
The series thus shown in case of the m-chromosomes is as gradual 
and complete as in case of the Y-chromosome, and may with 
the same degree of probability be regarded as a descending one. 

Thirdly, it is probable that the chromosome-number may 
change by sudden mutations that produce extensive redistribu- 
tions of the chromatin-substance without involving any commen- 
surate change in its essential content. Were gradual changes, 
chromosome by chromosome, the usual mode of modification, 
we should certainly expect to find such conditions as are seen in 
Nezara, in Notonecta, or in the Coreidae, more frequently. In 
some groups, however, we find wide differences of chromosome- 
number between species even of the same genus, and even be- 
tween those that are very nearly related, without any accompany- 
ing evidence of a gradual process of transition—for instance, 
among the aphids and phylloxerans (Stevens, Morgan) or in the 
heteropterous genera Banasa and Thyanta. (Wilson, 09d.) In 
Banasa dimidiata the diploid number is 16 in both sexes, in the 
nearly related B. calva 26. Of the two races of Thyanta custa- 
tor described above, apparently identical in other visible char- 
acters, one has in both sexes the diploid number 16, with a 
simple X-chromosome, while in the other the diploid number of 
the male is 27 and that of the female 28, and the X-chromosome 
consists of two components. It is improbable that the dif- 
ferentiation of these two forms has been accomplished by grad- 
ual modifications, chromosome by chromosome. It seems far 
more likely that the change took place by sudden mutation, invol- 
ving a redistribution of the nuclear material which changed its 
form but not in an appreciable degree its substance. In the well ~ 
known case of Oenothera gigas, derived by sudden mutation from 
Oe. Lamarckiana, a change by sudden mutation is known to be 
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PLATE 1 


EXPLANATION OF FIGURES 


All the figures from photographs of sections. Enlargement 1500 diameters. 


10,11 First spermatocyte-division (N. hilaris) 

12,13 The same (N. viridula) 

14,15 Second spermatocyte-division (hilaris) 

16-25 Side views of second division (hilaris). The XY-pair shown in 16-23, the 
d-chromosome in 16, 17, 20, 24, 25; the small chromosome is evident in 
10, 12, 13, 14,15; 17, 18. 

22 ~=Initial separation of X and Y 

23 Early anaphase, X and Y separating near the center (hilaris) 

26-28 Nuclei from the growth-period, showing chromosome-nucleolus and plas- 

mosome (hilaris) 
29 Corresponding stage (viridula) 
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a fact (Lutz, ’07; Gates, ’08), though it may be due in this instance 
to a simple doubling of the whole group. Such cases led me sev- 
eral years ago to the conclusion ‘“‘that the nucleus consists of 
many different materials that segregate in a particular pattern 

and that the particular form of segregation may readily 
change from species to species”? (Wilson, ’09d, p. 2). 

Such changes must involve corresponding ones in the morpho- 
logical and physiological value of the individual chromosomes; 
and we must accordingly recognize the probability that these 
individual values, though constant for the species, may change 
from species to species as readily as does the number. Despite 
the conformity to a-general type often exhibited by particular 
genera or even by higher groups, the individual chromosomes are 
therefore per se of subordinate significance; and it may often be 
practically impossible to establish exact homologies between those 
of different species. How closely this bears on the origin of the 
diverse conditions seen in the composition of the XY-pair is 
obvious. 

Lastly, it is almost certain that changes of number may some- 
times arise as a result of abnormalities in the process of karyoki- 
nesis, such as the passage of both daughter-chromosomes, or of 
both members of a bivalent, to one pole. In Metapodius I found 
(096) direct evidence of this in case of the XY-pair itself, and 
endeavored to trace to this initial cause the remarkakle variations 
of number that occur in this genus. Many other observers have 
recorded anomalies of this kind, in both plants and animals. It 
seems entirely possible, as has been suggested by McClung (’05) 
and by Gates(’08)that definite mutations may be traceable to this 
cause; though probably such abnormalities may in general be 
expected to lead to pathological conditions. 


CONCLUSION 


Some of the suggestions offered in the foregoing discussion are 
admittedly of a somewhat speculative character; but they are not, 
as I venture to think, mere a priori constructions, but are forced 
upon our attention by the observed facts. The time has come 
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when we must take into account more fully than has yet been done 
the new complexities and possibilities that have continually been 
unfolded as we have made better acquaintance with the chromo- 
somes. In this respect the advance of cytology has quite kept 
pace with that of the experimental study of heredity; and it has 
established so close and detailed a parallelism between the two 
orders of phenomena with which these studies are respectively 
engaged as to compel our closest attention. 

Studies on the chromosomes have steadily accumulated evi- 
dence that in the distribution of these bodies we see a mechanism 
that may be competent to explain some of the most complicated 
of the phenomena that are being brought to light by the study 
of heredity. New and direct evidence that the chromosomes 
are in fact concerned with determination has been produced by 
recent experimental studies, notably by those of Herbst (09) 
and Baltzer (10) on hybrid sea-urchin eggs. But the interest 
of the chromosomes for the study of heredity is not lessened, as 
some writers have seemed to imply, if we take the view—it is in 
one sense almost self-evident—that they are not the exclusive 
factors of determination. Through their study we may gain an 
insight into the operation of heredity that is none the less 
real if the chromosomes be no more than one necessary link in a 
complicated chain of factors. From any point of view it is 
indeed remarkable that so complex a series of phenomena as is 
displayed, for example, in sex-limited heredity can be shown to 
run parallel to the distribution of definite structural elements, 
whose combinations and recombinations can in some measure 
actually be followed with the microscope. Until a better expla- 
nation of this parallelism is forthcoming we may be allowed to hold 
fast to the hypothesis, directly supported by so many other data, 
that it is due to a direct causal relation between these structural 
elements and the process of development. 

A second point that may be emphasized is the remarkable con- 
stancy of the chromosome-relations in the species, and their no 
less remarkable plasticity in the higher groups. The scepticism 
that has been expressed in regard to constancy in the species finds, 
I think, no real justification in the facts. It is perfectly true that 
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individual fluctuations occasionally are seen in the number of the 
chromosomes, in the process of synapsis, in the distribution of the 
daughter-chromosomes, and in all other cytological phenomena. 
It is, however, also true that most observers who have made pro- 
longed, detailed and comparative studies of any particular group, 
have sooner or later reached the conviction that in each species 
all the essential relations in the distribution of the chromosomes 
conform with wonderful fidelity to the specific type. So true is 
this that the species may often at once be identified by an expe- 
rienced observer from a single chromosome-group at any stage of 
the maturation-process. No one, I believe, who has engaged for 
a series of years in the detailed study of such a group, for instance, 
as the Hemiptera or the Orthoptera, returning again and again to 
the scrutiny of the same material, can be shaken in the convic- 
tion that the distribution of the chromosomes follows a perfectly 
definite order, even though disturbances of that order now and 
then occur. But it is equally important to recognize the fact 
that this order has undergone many definite modifications of 
detail from species to species, and that while all cases exhibit cer- 
tain fundamental common features, we cannot without actual 
observation predict the particular conditions in any given case. 
It is now evident that the larger groups vary materially in respect 
to specific conditions. For instance, in the orthopteran family of 
Acrididae (McClung) the relations seem to be far more 
uniform than such a group as the Hemiptera, where great spe- 
cific diversity is exhibited, the details often changing from species 
to species in a surprising manner—witness the species of Aphis 
or Phylloxera (Stevens, Morgan), those of Acholla (Payne) or 
of Thyanta (Wilson). In these respects, too, the cytologist finds 
his experience running parallel to that of the experimenter on 
heredity; and here, once more, we find it difficult not to believe 
that both are studying, from different sides, essentially the same 
problem. 


December 18, 1910. 
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THE TRANSPLANTATION OF OVARIES IN CHICKENS! 


C. B. DAVENPORT 


From Carnegie Institution of Washington: Station for Experimental Evolution 


Dr. C. C. Guthrie (’08) has reported the results of transplant- 
ing ovaries from black to white hens and vice versa. A black- 
plumaged hen furnished by transplantation with ‘white’ eggs and 
mated to a white cock gave ‘‘about equal numbers of white and 
spotted” chicks. Guthrie thinks that these black spots indicate 
that the black-plumaged foster-mother infected the engrafted 
‘white’ eggs. So far Guthrie. But a person familiar with the 
results of hybridizing will appreciate that Guthrie’s result is bet- 
ter explained on the assumption that the engrafted ovary was 
absorbed and that the white sperm fertilized the regenerated 
‘black’ eggs of the black hen. For the white by black cross gives 
white offspring with black spots in the female chicks only, 7.e., 
half of all, as Guthrie found. 

In a second set of experiments, Guthrie found that when a 
white hen carrying a ‘black’ ovary was mated to a White Leg- 
horn male, the offspring were either white or black or spotted. 
Guthrie says: “The black, therefore, must have come through the 
black ovary.” But the student of hybridization on poultry will 
recognize at once that, if the white-plumaged cock produced only 
‘white’ germ cells, none of his offspring would be black even if 
the eggs were ‘black.’ Hence, the cock must have had ‘black’ 
germ cells and, very likely, the hen also, since ‘White Leghorn’ 
hens that carry ‘black’ germ cells are very common and fre- 
quently show, in adult life, a pure white plumage. 

If two ‘White Leghorns’ with ‘black’ germ cells bemated expec- 
tation is that in four chicks one shall be black; one spotted, and 


1A preliminary paper covering these results was read before the Society for 
Experimental Biology and Medicine, June 1910. 
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two white; Guthrie got five chicks, one black, one spotted and 
three white. 

Guthrie found that a black hen containing a ‘white’ ovary, 
mated with a black cock gave black-plumaged chicks, of which 
two out of six had white feet. He concludes that the white condi- 
tion of the feet must have come from the engrafted eggs of the 
White Leghorn. In criticism it must be pointed out that the 
cross, white egg x black sperm, normally gives offspring whose 
plumage color is white, either pure or with black specks. The 
fact that all the offspring had black plumage proves that the eggs 
were the normal ‘black’ eggs regenerated by the black hen. The 
white toes are frequently found in the offspring of two black birds. 
Thus in my pen 1041 two extracted blacks (Sumatras) mated 
give ten black chicks in six of which white toes are recorded. The 
results of this cross of Guthrie’s confirm the conclusion that the 
transplanted ovaries were not functional and that the normal 
ovaries had regenerated. 

To test the possibility of such regeneration of ovaries I removed 
the ovaries of some hens in the autumn of 1909 and transplanted 
into them eggs from dissimilar hens. The operated birds were 
then mated to cocks resembling the soma of the so-called ‘foster- 
mother.’ Were there regeneration of the ovary the offspring 
should be of the straight breed; but if the ‘grafts’ persisted and 
became functional the chicks should be hybrids. 

Experiments 1 and 2, operations: The protocol of the grafting 
operations is as follows: 

No. 11379, pure-bred Dark Brahma bantam, hatched February, 
1909; made to fast two days. On September 29, 1909, injected 
with 0.005 grain of atropin in | ce. of water, etherized in about 
twelve minutes and opened up between two left intercostals. 
Large ovary, badly torn in removal, removal tolerably complete. 
One piece of ovary from no. 11605 fastened by cotton thread to 
mesentery near attachment of ovary. Sewed up. 

No. 11605, hatched March, 1909, from White Leghorn,-Houdan 
ancestry. Clean-footed, with five toes on each foot, V-comb, 
modified high nostril, plumage color white (with black recessive). 
On September 29, 1909, injected 0.005 grain atropin in 1 ce. of 
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water. Etherized in twenty minutes. Plucked feathers and 
opened body wall between last two ribs. Large ovary completely 
removed or nearly so, in three or four pieces. Hemorrhage slight. 
Stitched in small piece of ovary of no. 11379 to peritoneum near 
attachment of old ovary. Sewed up. Bird recovered rapidly. 
Some Dark Brahma in ancestry, but its characters had become 
eliminated. 

Resuuts, Hxperiment 1. Mated in pen 1027, no. 11605 ° (with 
engrafted ovary from no. 11379, Dark Brahma) and 11291°, 
straight Dark Brahma. Table 1 gives the juvenile character- 
istics of 1, the male; 2, the White Leghorn-Houdan, so-called 
foster-mother; 3, the hen from which the ovaries were transplanted; 
4, expectation on the hypothesis that the graft succeeded; 5, 
expectation on the hypothesis that the graft failed and the proper 
ovary was regenerated; and 6, the observed characteristics of the 
young offspring. 

An examination of table 1 shows at once that it cannot be true 
that the engrafted ovary replaced the hen’s proper ovary, for if it 
had, columns six and four should agree. On the contrary, col- 
umn six agrees essentially with column five and supports the 
hypothesis that the engrafted eggs did not become functional. 

One discordant fact there is, however, namely, the occurrence in 
column six of three cases of cinnamon offspring. Such offspring 
are to be expected on the hypothesis that some eggs of the graft 
became functional. If that hypothesis be true, then the other 
characters of the same individuals should be like those of the 
pure Dark Brahma. Of the three the first has extra toes, split 
comb and a boot of one row; it is no Dark Brahma; the second 
has extra toes, wide nostril and a two rowed boot; it is not a 
Dark Brahma; and the third has really black down with some red 
at the tips, five toes on the right foot, a split comb and one row 
of feathers on the shank; so it is not a Dark Brahma. These 
therefore, are not from the engrafted Dark Brahma eggs. They 
represent cases of imperfect dominance of the black down over 
cinnamon. ‘The conclusion to be drawn from this experiment is 
that the engrafted eggs did not mature in the foster-mother. 
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THE TRANSPLANTATION OF OVARIES IN CHICKENS 15 


Experiment No. 2. No. 11379, Dark Brahma with engrafted 
ovary from no. 11605 (White Leghorn-Houdan) was mated in 
pen 1050 with 14122°, a single-comb Black Minorca. Table 2 
gives the juvenile characters of 1, the male parent; 2, the Dark 
Brahma, so-called foster-mother; 3, the hen from which the ova- 
ries were transplanted; 4, the expectation of offspring on the 
assumption that the graft succeeded; and 5, that the graft failed 
and the proper ovary was regenerated; also, 6, the observed char- 
acters in the offspring. 

Without exception the characters of the offspring are clearly 
those of the Dark Brahma x Minorca cross and none of the White 
Leghorn or Houdan differential characters enter into their com- 
position. The grafted ovary produced no eggs that developed, 
the extirpated ovary was regenerated. 

Experiments 3 and 4, operations. The protocol of the grafting 
operations is as follows: 

No. 11541 ¢ is a white-plumaged hen derived from a cross 
between 8681 ¢,a WhiteLeghorn-Minorca-Polish bird, and 7811 2, 
a Houdan cross hatched (in pen 905) in February, 1909; fasted 
two days. On October 2, 1909, injected with 0.005 grain atropin 
in 1 ec. of water; etherized and opened. Ovary very large, two 
large pieces (60 per cent) of ovary removed. Strong hemor- 
rhage. Two small pieces of ovary from no. 11383¢, Dark 
Brahma, sewed with peritoneum close to ovarial artery. Sewed 
up. Bird slow in recovery. 

No. 11383 ¢, straight Dark Brahma, hatched February, 1909, 
from mating 907: 7549. On October 2, 1909, injected with atro- 
pin, etherized and opened, ovaries small, incompletely removed. 
Two large pieces of ovary of no. 11541 sewed into peritoneum. 
Sewed up. Bird recovered rapidly. 

RESULTS, experiment 3. No. 11541, White Leghorn-Black 
Minorca-Polish-Houdan hybrid, with engrafted ovary from No. 
11383, Dark Brahma, was mated in pen 1027 with 11291 ~, a pure 
bred Dark Brahma. The results of this mating are given in 
table 3. 

Experiment 4. No. 11383¢, pure-bred Dark Brahma with 
engrafted ovary from no. 11541 (White Leghorn-Black Minorca- 
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Polish—Houdan hybrid) was mated with a Black Minorca 
14122 4. The results of this mating are given in table 4. 

Experiment 5. No. 11693 ¢, used in this experiment, is a white 
bird that had ‘smoke’ on down when hatched. It is of somewhat 
complex origin. Its mother was an F, hybrid between a Black 
Spanish cock and a White Leghorn; its father had the same ele- 
ments and also white Silkie in its ancestry. No. 11693 has, con- 
sequently, black recessive. It has a single comb, is free of the 
skin pigment of the Silkie, is clean-shanked and has four toes on 
the right foot and five on the left. 

On September 19, 1909, this pullet (which was hatched March, 
1910) was treated with atropin, etherized during half an hour and 
opened as usual between the last two ribs. All of the ovary, as 
far as could be seen, was removed. Pieces of ovary from no. 
11280 ¢ (a straight-bred Dark Brahma bantam) were placed in 
contact with the peritoneum, near the removed ovary, but not 
stitched in, as the bird showed signs of succumbing. The cut 
was sewed up and the bird set aside where it lay quiet for half an 
hour.2. The Dark Brahma from which the ovary (whose eggs 
measured 0.5 mm. in diameter) was removed died in consequences 
of hemorrhage. 

Later No. 11693 was mated with 11291 7 (in mating 1027: 
11693). He is a straight-bred dark Brahma bantam cock, used 
also in experiments 1 and 3. The results are shown in table 5. 

Experiment 6. No. 11826¢, hatched March, 1909, a pure bred 
Dark Brahma was opened October 2, 1909, and ovary imperfectly 
removed. Ovary of no. 12550 (a White Leghorn-Minorca-Polish- 
Houdan hybrid) sewed on to peritoneum at point of removal. 
The ovary had been kept out of body of hen about ten minutes, 
but covered and moist. 

In the late winter of 1910 no. 11826 ¢ was mated in pen 1050 
with 14122 4, a single-comb Black Minorca. The results are 
given in table 6. 


* See postscript. 
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122 Cc. B. DAVENPORT 
CONCLUSIONS 


In the six experiments described above there is no evidence that 
the engrafted ovary ever became functional but all results are in 
accord with the conclusion that the more or less completely extir- 
pated ovary regenerated and produced an abundance of eggs. 
With the results the data of Dr. Guthrie’s paper are not in dis- 
accord. His data, like ours, furnish no evidence for the survival 
of the engrafted ovaries, far less of an effect of the soma of the 
foster-mother on the introduced germ plasm. 


Cold Spring Harbor, N. Y. 
September 26, 1910. 


POSTSCRIPT 


On January 4, 1911, No. 11693 ¢ was killed and opened on the 
left side. An ovary of fairly typical size for a hen entering her 
second year of laying was found. It contained numerous eggs, 
4 to 5 mm. in diameter. Slightly ventrad of the main artery of 
the ovary is an irregular mass 5 x4 X2 mm. of cheesy consistency, 
imbedded in and covered by peritoneum. Its general appearance 
is that of a dried, hardened ovary, with clear traces of follicles. 
It doubtless represents the engrafted ovary, entirely encysted 
in the peritoneum. : 


January 30, 1911. 
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124 W. J. MOENKHAUS 
INTRODUCTORY 


The present report includes the results of two series of experi- 
ments on the fruit fly—Drosophila ampelophila. One set con- 
cerns itself primarily with the effects of inbreeding and the other 
with sex-ratios. The experiments on inbreeding grew out of work 
I had been carrying on on hybridization. In these hybridiza- 
tion experiments the effects on the developmental processes of 
hybrids between species too remotely related were especially 
emphasized. The converse of these experiments was, naturally, to 
study the effect upon the young between individuals too closely 
related. Fishes, upon which all my experiments in hybridization 
were made, do not lend themselves for purposes of inbreeding 
without elaborate breeding facilities. Mice seemed suitable for 
this purpose but, both at the outset of these experiments and since, 
these creatures have proven miserable failures in my hands. 
Among the insects, I tried the common willow beetle but this 
proved to throw only one generation annually in this latitude. 
It was desirable to have an animal with a brief life history, whose 
food could be easily obtained at all seasons and in which the sexes 
could be readily distinguished. In these respects the fruit fly is 
almost ideal. The facts herein considered confine themselves to 
this. species. 

The experiments on sex-ratio suggested themselves in connec- 
tion with the inbreeding experiments and so were carried out 
along with the latter and after they were completed. 


MATERIAL AND METHODS 


The strain which is mostly under discussion in my inbreeding 
experiments came from a well-filled female that was taken from the 
window of my residence in Bloomington. Other strains were 
started at the onset. Some of these came from the banana bunches 
at the various groceries and others came from fruit which I had 
laid out for this purpose. None of these were carried further than 
two or three generations excepting two, called 6 and 7 in my 
records. The latter was discontinued after the tenth generation 
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since it had been from the beginning apparently less prolific. 
The strain 6 was carried for over seventy-five generations and is 
the one on which the experiments in inbreeding of this report are 
based. 

For vivaria, tall stender dishes, tumblers, quinine bottles and 
lamp chimneys were given a trial. They were discarded in favor 
of 8-dram shell vials. These were compact, so that a large number 
of matings could be kept in a small space, and they were most con- 
venient in manipulating the pairs during the frequent changes to 
new cages that was necessary all along. The open end of the 
shell vial was closed with a plug of absorbent cotton, not too 
compact, so as to afford some ventilation. The flies are strongly 
positive to light, so that the vials could be laid with their bottom 
toward the light and the cotton plug removed with safety for the 
introduction of food etc. Small trays holding fifteen of these 
vials were used and in this way the experiments could be readily 
and compactly stored in the incubator, or they could be packed 
into a valise to be taken along wherever I went. The food was 
exclusively well-ripened bananas. To prevent the larvae ‘rom 
pupating in the food, narrow strips of blotter or filter paper were 
introduced in which they seemed to be especially fond of pupating. 
It is, of course, apparent that the greatest care had to be taken 
to avoid contamination from flies without. The stock food had 
to be scrupulously watched and the instruments kept clean to 
avoid the introduction of eggs laid on them by extraneous females. 
The bananas, especially, as they come from the stores, are likely 
to be infected with eggs and larvae if the skin be in any way bruised 
or split. 

The brothers and sisters were paired off, always within the 
first ten or twelve hours of their life as imagos. Up to this time 
mating has not occurred. In fact I have never found a pair that 
copulated during the first twenty-four hours or, if so, that pro- 
duced fertile eggs. 
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INBREEDING AND SELECTION ON FERTILITY AND VIGOR 
1. Introductory 


That continued inbreeding acts deleteriously on the fertility 
and vitality of a race is a belief so firmly and generally established 
that it is seldom questioned. This has its origin largely in the 
common experience of breeders whose observations, unfortun- 
ately, are too often unreliable. There are not wanting experi- 
ments such as those of Van Guaita (’98) and Bos (’94) and others, 
scientifically conducted, which bear out this conclusion. 

On the other hand, it is refreshing to encounter in the literature 
such reports as that of Gentry (’05) who believes not only that 
inbreeding is not necessarily harmful, but also that it may be 
beneficial to conserve and intensify the good points in his breed. 
Gentry’s experiments were made on Berkshires. The most pro- 
longed tests of close inbreeding that have been recorded were 
made by Castle (’06) on the same species with which the present 
paper deals. He inbred (brothers with sisters) for fifty-nine gener- 
ations. He concludes that such close inbreeding does not neces- 
sarily result in a loss of productiveness and of vigor; at least that 
inbreeding cannot be regarded as a causal factor. Some of his 
results so nearly parallel those of the present writer that further 
reference to his results will be made in the body of the paper. 

During the early part of October, 1903, a number of pairs were 
started breeding. These came from various sources in Bloomington. 
These different pairs were reared for the most part only a few 
generations, excepting pair No. 6 which was continued for about 
four and one-half years. During this time over seventy-five 
generations were produced. Toward the close of this period no 
exact count was kept of the generations so that only an approxi- 
mate figure can be given. Five pairs of brothers and sisters were 
mated in each generation to insure against accidents that might 
terminate the strain if but one mating were made. 

Along at the fifth and sixth generation it became more and 
more difficult to keep the strain alive with the five pairs of brothers 
and sisters that were mated each generation. The failure of an 
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occasional pair to produce young had hitherto been attributed to 
accidental conditions of food, etc., but this no longer seemed a satis- 
factory explanation of all the failures to produce young. This con- 
dition, was, therefore looked into more thoroughly. This was done 
by laying out instead of five pairs a much larger number from the 
offspring of a given productive pair. The greatest care was taken 
with the food, temperature etc. and it soon developed that a 
variable per cent of the pairs were sterile. These sterile pairs were 
to all appearances normal. It was clear now that, while inbreed- 
ing had not reduced the general vitality of the strain thus far, 
there had appeared a high degree of sterility. 


2. Sterility 


* a. Character of the sterility. Examination of all the matings 
brought out the fact that in all cases eggs were present in large 
numbers. This seemed to suggest that the difficulty lay in the 
larvae either failing to emerge from the egg envelope or, succeeding 
in this, failing to carry themselves through the feeding stage or the 
transformation. 

By a careful search of the food of the sterile pairs, after suffi- 
cient time for the larvae to mature had been allowed, it became 
evident that the difficulty lay at a time earlier than the pupal 
stage for none of the latter could ever be found. The food sup- 
plied these sterile pairs was the same as that of the fertile ones since 
it could not be foretold which pairs were going to prove infertile. 
Furthermore, the infertile pairs were usually kept for from 
twenty to thirty days, the best of food being supplied them from 
time to time. The same search showed that no larvae were pres- 
ent, at least so far as direct inspection of the food under a dis- 
secting microscope could be depended upon. 

It was always possible, of course, that the larvae failed to carry 
their development very far, and, thus, being small when they first 
emerge from the egg, might have been overlooked. It became 
necessary, consequently, to take the eggs as they were laid from 
time to time and keep them under observation to see whether the 
larvae ever emerged. This was done by placing a piece of banana 
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in the vial with a sterile pair and from time to time removing the 
eggs one by one with the point of a needle and placing them on a 
piece of moist filter paper in a separate vial. Usually twenty were 
placed in each vial and some food added for the larvae, should they 
emerge. Inspection of the eggs after twenty-four, forty-eight and 
seventy-two hours would readily reveal the number of eggs that 
had produced larvae. I have laid out thus at a great expense of 
time literally thousands of eggs from many infertile pairs, in 
many cases all the eggs that a given pair produced during the first 
twenty-five days of its life, but I have never seen a single egg that 
had hatched. Eggs of fertile pairs thus laid out will readily hatch 
so that all the larvae will have taken to the food twenty-four hours 
after the eggs are deposited. 

Such infertile pairs copulate frequently and it would seem that 
impregnation should follow. I have never sectioned the eggs 
to see whether spermatozoa enter the eggs or whether they con- 
tain partially developed larvae which fail to hatch. I have, 
however, been able to determine in this strain which of the sexes 
is at fault. This was done in the following manner. After a 
pair by sufficient trial had proven itself infertile, the male was 
mated to a virgin female of a fresh strain that had not been inbred 
and possessed a high degree of fertility, and the female was simi- 
larly mated with a male, usually one whose fertility had been estab- 
lished. Sixty-four such cases were tried and in no case did the 
females fail to produce young and in no case did the males pro- 
duce any although repeated copulations took place. It is evident 
from the foregoing, that, in this strain, the sterility lies exclusively 
in the male and that the female has lost, apparently, nothing in 
fertility. Castle (p. 735) reports, on the other hand, that either 
sex may be sterile. However, Castle took no account of the eggs 
and larvae but merely the production of pupae, so that his steril- 
ity cannot be with certainty compared to mine. It would seem, 
however, that in some strains infertility may be strictly confined 
to the males and in others to both sexes. That sterility is com- 
plete for all males, when it occurs, is shown by both our results. 

b. Degrees of sterility. The foregoing experiments concerned 
themselves with such pairs as were completely sterile. Other pairs 
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of brothers and sisters from the same parents, however, were fer- 
tile. Judging from the productiveness of these, there was often 
a wide divergence. It would seem that, as a result of inbreeding, 
we had a condition of fertility ranging from absolute infertility 
to comparatively high fertility among the different pairs of brothers 
and sisters from any given pair of parents. To test this the follow- 
ing experiment was carried out: About two-hundred eggs from 
each of fifteen pairs of flies were laid out after the fashion indicated 
above. Ten of these pairs had been inbred for seventeen genera- 
tions while five belonged to fresh stock that had not been inbred. 
Of the ten pairs of the inbred strain, five belonged to a strain 
which had arrived at a very low degree of fertility, namely only 
36 per cent of the forty-two pairs tested were fertile (table 3, 
seventeenth generation, strain, A). These five pairs were brothers 
and sisters to many of the sterile pairs considered in the preceding 
section. 

The other five pairs (of the ten inbred) were from a strain which 
had been held by selection to a high degree of fertility, namely 
97 per cent of the thirty-four pairs tested were fertile. Both of 
these strains were descended from common great grandparents 
(table 3, seventeenth generation, strain B). | 

We have, thus, for comparison three conditions, namely, (1) 
eggs from a highly infertile inbred strain; (2) eggs from a highly 
fertile inbred strain; and (38) eggs from a presumably norma 
strain that had not been inbred. It should be added that the 
five pairs were taken at random and were not selected. Approxi- 
mately the first two-hundred eggs of each pair were laid out in 
batches of about twenty to twenty-five to the vial. The number 
of eggs that hatched was noted in each case and also the number 
that emerged as imagos. Table 1 gives the summary of results. 

From this table it appears that from the eggs which were taken 
from the inbred pairs with low fertility practically as large a per 
cent (97.27) hatched as from the eggs that came from the inbred 
pairs that showed a high fertility (98.2). The same is true in 
regard to the number that produced imagoes, 86.8 per cent and 
85.1 per cent respectively. The fact clearly brought out here is 
that when infertility arises in this strain it arises suddenly and 
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does not present all intergradations. In other words, one does not 
find that among a large number of brothers and sisters some pairs 
whose eggs only partially hatch and other pairs that range in this 
respect, on the one hand, to perfect fertility and, on the other, to 
complete sterility. The fertility is either completely lost or it is 
of a high degree. Furthermore, when we compare the inbreds with 
thenormals (not inbred) in regard to the percentage of eggs hatched 
no essential difference is observable. It would seem, therefore, 


TABLE 1 


Inbred (low fertility) 


| | 
| NUMBER OF PER CENT OF 
pa «fon RE Se, ne Ocoee eee ee ee 
Ee ey: ios | as.) WeeeO ed 8508 82.9 
ee ee 200 1280 169 94.0 84.5 
Cie, Vea as 201 | 197 | 182 98.0 90.5 
Dy Eee thts: See i98 >| 198 180 100.0 90.9 
Re ett ed | 123 123 104 100.0 84.5 
otal su seen 915 890 795 97.27 86.8 
Inbred (high fertility) 
A esol 198 Toe | 88.5 90.5 
Bene ee 73d 172 156 | 99.4 90.1 
Coie et | 204s 200 fet? |. 98:0 78.9 
WBA eh hs 197 193 joy || 0740 83.7 
5 See ere ers 169 145 | 96.5 82.8 
| 
Totals cowl | 950 932.1) gogiy' "| Ossie eibsoa 
Normals (not inbred) 
Ane Pieler cia D155 9) 5) Ot: Tes. | |) Beer 89.7 
Bae) ene 70 70) ou 48 | 100.0 68.5 
EOE | a Te | 153 152 igo. |. 9999 86.2 
De ee ee 224 21S) = 144. | O78 64.2 
| Rae pe) OES 158 155 144 | 98.1 91.1 
Ee ed eee Eee 146 ieee 109) | ©S7S7AMeIS Bevan 
CF ee oe 223 Die | 205 99.9 91.9 
Total sees 1189 1155 | 975 97.2 82.0 
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that the pairs that had not completely lost their fertility, in so 
far as hatching their eggs is concerned, had suffered no deteriora- 
tion whatever as a result of seventeen generations of closest in- 
breeding. 

A fact of further importance brought out by table 1 is that of 
the percentage of eggs that successfully produced imagos. This 
does not differ essentially in the two groups of inbreds nor do 
these differ essentially from the normals. Castle used as his 
measure ‘productiveness,’ meaning thereby the number of pupae 
that were successfully produced. Making allowance for some 
pupae which do not emerge, the imagos produced in my experi- 
ments were an approximation to his ‘productiveness.’ Inbreed- 
ing, consequently, does not affect adversely the productiveness of 
pairs that show any fertility at all. 

Castle found that his strains showed an annual fluctuation in 
productiveness, the period of least productiveness falling in the 
late autumn and early winter. My own experiments extended 
over about four and one half years and, although I have been on 
the lookout for this, I have never observed it. As Castle himself 
suggests, this fluctuation was probably a function of the tempera- 
ture of the room. My flies were kept in a room which varied from 
60 to 80 degrees and, when this was not possible, they were placed 
in an incubator kept at about the same range of temperature. It 
may also be that the productiveness of his strain ran low at this 
time of the year because they were placed in new hands at the open- 
ing of the college year. My observation has been that it takes 
some time for a new man to learn all the conditions that make for 
a favorable rearing of these creatures so that Castle’s low produc- 
tive periods may be merely a measure of the training period of the 
experimentor. 


3. Inbreeding and vigor 


At the outset of the experiments it was the expectation of the 
writer that such rigorous inbreeding would early and violently 
show itself in the vigor and fertility of the animals. In this, how- 
ever, he was largely disappointed. In the strain that is here under 
consideration no untoward results could be detected during the 
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first five or six generations. As previously stated, up to this time 
the method consisted in placing pairs of brothers and sisters in 
each of five vials to insure against mishaps. These mishaps con- 
sisted of drying up of the food, attacks of fungus and in some cases 
the escape of the flies themselves during the process of feeding ete. 
Those pairs that produced young were regarded as having es- 
caped these various possible mishaps and were taken as indica- 
tions of the vitality and productiveness of the strain. Theexpecta- 
tion at that time was that any deleterious effect of the inbreeding 
would show itself in the offspring of any of the pairs. Conse- 
quently, when a given pair would produce offspring that was num- 
erous, all well formed, vigorous, and in no apparent way differing 
from normal offspring, to see whether some slight influence might 
not be present that could not be detected by ordinary observation a 
definite measure was taken of (1) their rate of reaction to light and 
gravity, (2) the total number of eggs produced and (3) the percen- 
tage of eggs which hatched and emerged. An attempt was made to 
determine their length of life but this proved too prolonged to 
allow one to carry it out together with all the other incidents of 
the already too laborious experiments. 

The reaction of this animal toward light and against gravity 
is well known. To get a measure of the rate of reaction the ani- 
mals were made to travel through a glass tube that had been 
blackened for 16 cm. on the inside. This tube had a light placed 
at one end and was inclined about twenty-five degrees. From a 
glass vial the flies were admitted, one at a time, into the tube and 
the time from the moment of entrance into the blackened portion 
of the tube to their emergence was recorded. It was found essen- 
tial that the two batches of flies (inbreds and normals) should be of 
the same age, be reared under the same conditions and that the 
temperature of the room be the same for the two batches. The 
results are as follows: at a temperatureof 27.2° C. 133 normals 
took 16 seconds, average, to travel the distance, and 140 inbreds 
took 15.4 seconds. The two sexes in these two groups were about 
equal in number. In both groups the males travel the distance 
on an average in three seconds less time. It is clear from this 
that the normals and inbreeds are equally responsive to these two 
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agents and that the latter have not suffered in this regard as a 
result of inbreeding. 

In order to determine the total number of eggs produced it was 
necessary to isolate the pairs and twice each day pick off all the 
eggs that had been deposited in and around the food provided. 
This proved to bea most laborious process, for the eggs are too small 
to be followed safely with the naked eye and had to be removed 
individually with the point of a needle. Too much value must not 
be attached to this measure for the reason that the rate and, 
therefore, probably the number of eggs deposited seems to depend 
somewhat, at least, on the condition of the food present, and for the 


TABLE 2 
Strain 6 
Number of generations inbred............. aac 3 5 6 | 3) s, 
Number of days eggs were counted........ 27] 30 34) | odes 32 
Total number of eggs laid.............. 433 | 617 | 480 | 724 | 455 | 516 
Strain 7 
a fs er i. : Lae 
| | 
Number of generations inbred ............| 2 | 3 | 5 | 6 | 9; 10 
Number of days eggs were counted........ 26 33 29 | 23 | 33 28 
Total number of eggs laid.............. 654 | 662| 539] 498| 907) 429 


reason that only the eggs deposited during the first twenty-five or 
thirty days were counted. These creatures live to ke very much 
older. We have kept females alive 153 days, but after the first 
twenty-five or thirty days the eggs come only in small numbers. 
Table 2 gives the actual counts of several females of both strains 
6 and 7. 

We see from the above counts that no material reduction has 
occurred in egg production during nine and ten generations of 
inbreeding. Such variations as occur may, of course, represent 
individual differences in the females. 

The data given in table 1 of the relative hatching and emerging 
qualities of the young of normals and of pairs inbred for seventeen 
generations shows that there is no difference in this respect. 
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In so far as the above determination may be taken as a measure 
of the vitality of this species we are justified in concluding that 
from six to seventeen generations of inbreeding no appreciable 
deterioration has resulted. No such exact determinations were 
made in later generations, and it is possible that eventually the 
effects of inbreeding would manifest themselves, but my observa- 
tions during seventy-five or more generations does not lead me 
to believe this. 


4. Sterility and selection 


Along at the thirteenth and fourteenth generations the sterility 
had become very pronounced. Of the offspring of some of the 
pairs, more than 50 per cent of the males were sterile. On the 
other hand, while practically all pairs showed at least some degree 
of sterility this varied very much in the different brothers and sis- 
ters of the same brood. That this sterility was a direct physiolog- 
ical result of the inbreeding seemed to me very doubtful. To 
find the effects of inbreeding showing itself in such a specific way 
upon the males only, did not, to say the least, meet expectations. 
Furthermore, sterility was not wholly wanting in forms that had 
not been inbred. 

It was highly desirable to continue the experiments on inbreed- 
ing, and yet to keep the strain alive, it was necessary to find some 
way to eliminate this high degree of sterility. The process that 
was most effective was selection. By continuing the strain of 
those pairs whose offspring showed the highest degree of fertility 
but at the same time continuing the rigorous inbreeding, it was 
possible almost completely to eliminate the sterility. This at the 
same time gave one of the severest tests as to whether inbreeding 
was the responsible factor, for if the sterility could be eliminated 
by continuing the very process of inbreeding the latter could not 
well be held to be the cause of it. 

This was done as follows: In the fourteenth generation three 
fertile pairs of brothers and sisters from the same brood were iso- 
lated and mated. The offspring of each of these were mated in 
pairs to determine the degree of sterility. By reference to table 


135 


INBREEDING AND SELECTION IN DROSOPHILA AMPELOPHILA 


8T 


ZI 


oT 


ST 


FI 


Wo]}e18Uar) 


(%s) (%s6) (%8) (%16) (%e) (%16) (%L) (%e6) (%01) (%06) 
Clamney, a ‘gee SSee CSE be cs Sacer fa oe 02 
(¢) (¥) (g) (Z) (I) 
(Mie) (%69) (%st) (%¢8) (%82) (%LL) (%t) (%96 (%Lt) (%s) 
II v4 8 tr al (ds = z 6F thé Me 6I 
(S) (F) (8) (2) (1) 
(%se) (%19) (%02) (%08) (%62) (%T12) (%82) (%e2) (%6F) (%1S) 
6 61 II oF SI 1g FI Lg 4 1% 
(¢) ) (e) (2) ) 8I 
(penulyuo0ostq) 
(%o01) ¢z (%ze) L (%89) St 0 (%001) 61 0 (%001) F1 0 (%001) St 
(¢) (F) (g) (2) 
(%s) I (%16) && (%¥9) 12 US Gi LI 
(mee (%001) 28 (YL) 22 kb) 0% 91 
(ponulyaoos{(7) 
(%ee) ¢ (%L9) OL (%62) F (%12) OF (%SL) 6 (%Sz) € cl 
I | ce I a I | a 
‘9) 


Vv 


| 
| 


(A91[19193 %9'F8 YUM poosq ur0r,q)T4'9 


O pun gv suwug fo huojsry 
€ WTAV.L 


FI 


UOl}BIOUaY) 


136 W. J. MOENKHAUS 


3, it will be seen that the pair marked A produced offspring out of 
which nine of twelve pairs tested were infertile; pair'B produced 
offspring of which four pairs out of fourteen tested were infertile 
and pair C threw offspring with five pairs out of fifteen infertile. 
We have here, then, three pairs showing a wide variation in the 
degree of fertility of their offspring. Pair A showed 75 per cent of 
the pairs infertile and pairs B and C approximately the reverse 
ratio. In the further progress of the experiment pair C was dis- 


TABLE 4 
Strain A 
| NUMBER | NUMBER NUMBER PAIRS lpr CENT PAIRS PER CENT PAIRS 
| PAIRS TESTED | PAIRS FERTILE INFERTILE | FERTILE | INFERTILE 
LS OD )ee | 52 27 25 51 49 
18 (2)... 51 37 14 | 72 | 28 
1Sa(3)e.. 52 37 15 71 | 29 
18 (4)... rl 56 45 | 11 | 80 | 20 
1305) ae =| 28 19 9 | 69 | 31 
Average for 238 pairs 69 per cent. 
Strain B 
i ; —_ he - A 
HSL) eh trae es 15 Spi 0 100 0 
18 (2). 4 Cane 0 100 0 
1S 5(3) tectess seesee 2 19 19 | 0 100 0 
18 (4).. 22 15 7 | 68 32 
Gee 23 23 0 | 100 0 


Average for 93 pairs 92.5 per cent. 


continued so that only pairs A and B were used. I shall in the 
further description of the experiment refer to the descendants of 
A as strain A and of B as strain B. 

Before entering upon the experiment of selection it was neces- 
sary to ascertain whether, without selection, the descendants of 
pairs A and B continued to show a low and high fertility respec- 
tively. Accordingly, a single one of the fertile pairs of the 15th 
inbred generation of strain A and B was tested. Reference to 
the table shows that in strain A 27 pairs or 57 per cent of the forty 
seven pairs tested were infertile, while in strain B none of the thirty- 
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seven pairs tested were infertile. The same process was repeated 
with a pair of the sixteenth generation of the two strains. Strain 
A showed twenty-seven or sixty-four per cent of the forty-two 
pairs tested infertile and strain B one or three per cent of the 
thirty-six pairs tested. . 

Up to this point in the experiment only a single pair in each 
generation was tested as to the fertility of its offspring. It might 
well be that by chance in each case a pair of low fertility was taken 
in strain A and a pair of high fertility in strain B. Toeliminate 
this possible error five pairs were taken in each strain and the 
fertility of their offspring determined. It was further desirable to 
obtain an estimate of the variability in the fertility of the pairs in 
the two strains as well as to get a more correct estimate of the 
average fertility of both. In the diagram these five pairs are 
designated as 18 (1), 18 (2), ete. Table 4 shows the number of 
pairs of offspring tested for each pair and the number and per- 
centage of pairs fertile and infertile. 

The fertility thus varied in strain A from 51 per cent in 
18 (1) to 80 per cent in 18 (4), with an average fertility of 69 
per cent. In strain B the fertility was much less variable in the 
different pairs, the only exceptions being 18 (4), the average fertil- 
ity being 92.5 per cent. 

We now have definitely established two strains, one of low 
and another of high fertility. The important part to be empha- 
sized here is that this was produced by the process of selection from 
among the variable offspring of generation fourteen of the inbred 
strain. To make the experiment more complete it was now neces- 
sary to obtain a highly fertile strain out of the one with low fertility. 
Accordingly strain B was discontinued at this point and attention 
restricted to strain A. Five pairs, 19 (1), 19 (2), 19 (3), ete., were 
taken from among the offspring of 18 (4) because this showed the 
highest percentage of fertility. These were tested in the same way 
as in the preceding generation. Table 5 gives the details. 

By selection it will be seen that the average fertility was raised 
from 69 per cent in the 18th generation to 75 per cent in the 19th 
generation. Among the five pairs used one 19 (2) showed an 
unusually high fertility (96 per cent). This pair was accordingly 
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TABLE 5 
NUMBER PAIRS | NUMBER PAIRS | NUMBER PAIRS |PER CENT PAIRS PER CENT PAIRS 
TESTED | FERTILE INFERTILE FERTILE INFERTILE 
POMEL ymae eae Se 50 27 23 53 47 
1ONO Ae .. 51 49 2 96 4 
(eee 51 39 12 77 23 
TCS) ea 52 44 8 85 15 
ilo Lae ee 35 24 1 69 31 


Average fertility of 239 pairs 75 per cent. 


taken to select from. Five pairs were again taken as before. The 
results appear in table 6. 

Thus it will be seen that all five pairs showed a uniformly high 
degree of fertility. The average fertility of all the pairs was raised 
to 93. 8 per cent. 


5. Discussion 


From the above series of experiments a number of important 
facts are brought out. 1. Sterility, as it appeared in the strain 
under consideration, is strongly transmissible through inheritance. 
2. It is readily controlled by selection. 3. Inbreeding is probably 
not the physiological cause of it. 

That this sterility is transmissible cannot be doubted. The 
faithfulness with which this occurs appears in the strains A and B. 
Both were derived from a common pair that showed a variability 
with respect to this character in the three pairs of its offspring 


TABLE 6 


NUMBER PAIRS NUMBER PAIRS NUMBER PAIRS PER CENT PER CENT PAIRS 


TESTED FERTILE INFERTILE | PAIRS FERTILE | INFERTILE 
BMG ces, , 41 37 4 90 10 
(Oye: Ue 45 42 ene} 93 7 
DOGS rete: ee 45 44 1 97 3 
Di hy ee ee ys 36 33 3 91 9 
Is eee eee 44 42 2 95 5 


Average for 211 pairs 93.8 per cent. 
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tested. One of these possessed a high degree of sterility, while the 
two other pairs showed alow degree. The descendants of thelatter 
constituting strain B, retained this low degree of infertility through- 
out. Similarly the descendants of the former, constituting strain 
A, retained their high degree of infertility up to the time when 
selection away from this condition was introduced. In the latter 
process the transmissibility of the character is again emphatically 
revealed. In the eighteenth generation, pair 4 showed a lower 
degree of sterility than any of the remaining four pairs of brothers 
and sisters. Breeding from this pair at once showed offspring 
with a decided decrease in sterility, compared with the eighteenth 
generation, the average of the nineteenth generation being 75 per 
cent of the pairs fertile as compared to 69 per cent of the latter. 
Again, in the nineteenth generation, pair 19 (2) showed a much 
lower degree of infertility than the other pairs. Continuing the 
strain from this pair, this character is faithfully reproduced in 
the offspring in that they average fertility of the latter is raised 
to 93.8 per cent. 

It is important to note in this connection that Castle, in his 
experiments upon Drosophila, found that productiveness (which 
as previously noted is quite a different thing from the sterility 
here considered) was similarly transmissible and amenable to 
selection. Furthermore, Castle’s experiments would seem to indi- 
cate that this character of productiveness behaves, in inheritance, 
after the Mendelian fashion, low productiveness acting as the 
recessive character. We have evidently to do here, both in the pro- 
ductiveness in Castle’s experiments and in the sterility in my own, 
with characters that are germinal for they behave as such. In 
the strain upon which my experiments were made we have the 
further remarkable condition that the infertility is inherited 
only by the males. 

It is clear that whatever the causal factor or factors to which the 
sterility may be attributed, it is relatively insignificant compared 
to the effect of selection upon it. Furthermore, the modification 
is a germinal one. That inbreeding may be responsible for its 
prevalance in the strain seems probable, but that it is responsible 
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for its origin is not believed. We have seen that the general vital- 
ity of the strain, as measured by its productiveness and its reaction 
to light and gravity, did not suffer as a result of seventeen gener- 
ations of closest inbreeding. Failing in this, it is not probable that 
its effect would show itelf in so specific a way as the sudden and 
complete sterility in certain males of the strain. The improba- 
bility is further supported by the fact that the inbreeding may be 
continued unabated if only care be exercised in the selection of 
the brothers and sisters to be mated, thereby even eliminating 
practically what sterility may have existed. 

It is much more probable that the sterility arose spontaneously 
in this strain or that it is present to a varying degree in this 
species. With the character present and highly transmissible 
and subject to selection it is only necessary to carry on indiscrim- 
inate breeding to have the character appear in varying intensi- 
ties depending upon the chance combinations. The rule of 
inbreeding would be only to intensify the chance combination of 
the character and to insure the more or less continued presence 
in the successive generations. 

That this character of sterility is not unique to this inbred 
strain is evident from its rather frequent presence in pairs not 
inbred. In my own experience this sterility nearly always showed 
itself in the males. In one instance I found among a brood, besides 
a sterile male, two females that failed to deposit eggs although 
eggs were evidently present in the oviducts. Similarly Castle 
found in his strain a considerable amount of sterility, and this 
in some cases among the females. We see, therefore, that sterility 
is not altogether rare even in broods that were not inbred. 

The same facts doubtless hold for the character of productive- 
ness. Castle has shown this to be transmissible and amenable 
to selection. Inbreeding does not produce it but is instrumental, 
with indiscriminate mating, in intensifying it, or, if the strain be 
not eliminated thereby, of preserving it in the strain. 
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SEX-RATIO AND SELECTION 
1. Introductory 


The once rather generally accepted notion that nutrition was 
an influential factor in the control of sex, based on the experiments 
of Yung (’85), Born (’81), and others, has given place to the now 
as commonly accepted idea that sex is determined prior to or 
at the time of fertilization and is independent of the food. The 
experimental work of Cuénot (’99) King (’07) and others, and the 
splendid cytological researches of Wilson and his students are 
largely responsible for this change of view and have been so fre- 
quently reviewed in the various recent discussions of the problem 
of sex that they need not be further detailed here. 

The writer tried some starvation experiments on Drosophila 
in 1904. During the past year more extensive experiments were 
carried on under his direction by Mr. Claude D. Holmes, on the 
effects of starvation during successive generations upon the sex- 
ratio. These are published under a separate title(’10). It will 
suffice in this connection, to state that the results coincide with 
those of recent workers, namely that nutrition does not affect the 
sex-ratio. 


2. The normal sex-ratio 


One fact was very apparent in these earlier tests and in all sub- 
sequent experiments, that, under the varying conditions in these 
creatures were reared, there was the same persistance of the pre- 
dominance of females over males. Below (table 7) is given the 


TABLE 7 
roo pou | RE | ue fan aan 
IB aITAN as Ae pee seed etka ee eciers 10506 4972 5534 1:1.113 
GRADES cpm s . teen eee oe 2161 995 1166 1S fe Bria 
Tomatoes and grapes...... 4048 1948 2105 1:1.083 
IGTATAS Ge ce. A arches 10218 4757 5461 1:1.14 
MOT AME Jeo eB. edo pelts 26933 12667 14266 1:1.126 
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summary of four determinations on a large scale to obtain the 
normal sex-ratio. The flies were reared in the following manner. 
Mason jars containing a large quantity of food were exposed to 
flies in nature. The jars were left open until the larvae began to 
pupate when all flies were excluded by tying a guaze over the top. 
As the imagos emerged from time to time they were preserved 
and the sex-ratios determined. For 26933 individuals, the ratio 
was one male to 1.126 females. 

In regard to these determinations only one question, so far as I 
can see, can be raised. This is the academic one of the greater 
mortality of the males during development or, to push the matter 
back a little further and to make it applicable to recent develop- 
ments in our idea of sex, the greater mortality of the male deter- 
mining sex cells. In reference to this it may be pointed out that 
the developmental conditions were as nearly normal as one can 
imagine. There was an abundance of food, air, hght and mois- 
ture, and the larvae pupated in the remnants of the food in much 
the same manner as one finds them doing in nature. In this con- 
nection the experiments of Miss King (’07) on the influence of 
food on the sex ratio of Bufo are of importance. In this she finds 
that the mortality among the males is not greater than among the 
females. From these facts and from the knowledge that has come 
to me from the extensive rearing of Drosophilas for six years I am 
convinced that the sex-ratio in this species is not one of equality. 


3. Control of sex-ratio by selection 


If the sex-ratio of this species, then, is that of 1 male to every 
1.126 females, this should be regarded as specific Just as any other 
of the specific characters of the species. It should, therefore, be 
subject to fluctuations and to control like other specific characters. 

Starting with this conception of sex-ratio, I wished to see 
whether it were possible to control this, within limits, of course, 
by the process of selection. The results of these experiments 
I propose to detail below. 

To apply the selective process on the sex-ratio, the following 
simple method was employed. Two pairs were selected from 
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nature, the one showing a high, the other a low female ratio. 
These were selected as the parents of the twostrains to be developed. 
From among the offspring of each of these two pairs a number of 
single matings were made. From among these the pair that 
showed the most favorable ratio in the desired direction was 
selected to continue the strain. The same process was repeated 
as often as desired. 

From a number of pairs taken from a banana bunch in Bloom- 
ington June 12, 1907, two such pairs were obtained. These two 
pairs go by the numbers 206 and 207, showing the following ratio: 


206—52 7:135 ¢ or 1:2.59 
207—84 7:75 2 or 1:0.89 


A. Strain 206 (high female ratio). The 206 strain will, for 
convenience, be called the female strain and the 207 strain the 
male strain, although, as will appear, the latter never developed 
into a predominantly male strain. In tables 8 and 9 are given in 
diagramatic form the results of selection for five generations in the 
former and six generations in the latter. At the margin the genera- 
tions are numbered 1, 2, 3 etc., and the sex-ratios are indicated. 

The sex-ratio of the eleven pairs of brothers and sisters mated 
from the first generation of the female strain (206) varied from 1:93 
Gove mee) tol: 7200 (S 3: 56 2). 

The unusually high female ratio in the latter is probably attri- 
butable to the small number of individuals obtained from this 
pair. Two of the pairs threw a predominance of males (table 
8 nos. 4 and 8). With the exception of no. 5, all the remaining 
pairs threw a high female ratio. The ratio for all the pairs was 
1:1.67 (578 7: 969 ¢). Wehave here a female ratio very much 
higher than that characteristic of the species (1:1.14) and yet 
considerably below that of the parent pair (1:2.59). This may be 
regarded as a regression toward the normal ratio. It should be 
pointed out here that too much emphasis should not be placed 
upon the exact figures representing the ratios in the different pairs, 
since the number of individuals at best are rather small. In most 
cases, however, when the number of offspring obtained is fairly 
large, the ratio approximates the true one, so that in any given 
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pair from which a fairly large number of offspring has been 
obtained shows a high female ratio for instance, this may be 
taken as a pretty safe indication that the female ratio would be 
high if all or a much larger number had been obtained. 

For the next generation ten pairs were taken from brood 9 with 
aratio of 1.1.94. Brood 3, with a ratio of 1:2.31, would have been 
a more favorable one to select from, but this is not always possible 
since the matings must be made before all the offsprmg have 
emerged and therefore all the data for the complete ratio is ob- 
tained. Only four pairs of this series of matings came through 
safely, due purely to the lack of time to give them the attention _ 
they should have had. The four pairs threw the following sex- 
ratios: 1: 2.33; 1:2,29; 1:1.27; 11.81. The ratio for the entire 
brood was 1:1.82 (215 2: 391 ¢). This ratio was somewhat more 
predominantly female. 

Pairs were now selected from the brood 8 with a ratio of 1:2.29. 
Of the seven pairs mated the offspring of only four was obtained 
and the number of young in each case was quite small. The 
ratio for all the offspring of the generation was 1:2.17 (93 @ to 
201 ¢). The total number here involved is so small that not 
too much importance should be attached to the increased female 
ratio. 

For the matings of the next generation there is little doubt 
that an unfortunate selection was made. The brood from which 
the matings were taken showed a ratio of 1:2.46 but this ratio was 
based on numbers so small (52) that it probably did not represent 
the true ratio of the pair. This may account for the drop in the 
ratio for all the broods of the 4th generation to 1:1.386 (854 4 
483 9). 

Two sets of matings were now made from as many broods of the 
fourth generation. One of these series was again taken from the 
brood showing the most favorable female ratio 1:1.90 (85 2 
162 ¢), but the other series was taken from a brood showing a 
relatively low female ratio, 1:1.04 (64 # 67 ¢). From the 
former the ratio of five pairs was obtained showing a ratio of 1:1.39 
(372 2z—5d18 ¢) and from the latter the ratio of 7 pairs, show- 
ing a ratio of 1:1.07 (496 ~: 535 ¢). 
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b. Strain 207 (low female ratio). From pair 207 with a ratio 
of 1:0.89 (84 «: 75 2) it was hoped to develop by selection a 
strain showing a low female ratio. Seven matings from the first 
generation produced 536 « and 579 9¢, or a ratio of 1:1.08. 
The range of ratios of the individual pairs was from 1:1.22 (99 ¢: 
121 ¢) to 1:0.86 (79 «: 68 ¢). This selection was continued 
for four generations, the matings being made from broods with a 
low female ratio. The ratios of all the offspring in thesuccessive 
generations were 1:1.06 (220 7: 228 ¢) 1:1.10 (581 2 : 640 
Sheed: 104 (142 & : 14749)s 117, (18h@ + 607 2) for; the 
second, third, fourth and fifth generations respectively (See Table 
9). This low female ratio showed itself rather uniformly in all the 
individual matings, a notable exception occurring in the fifth gener- 
tion (see Table 9, pair 3.) with a ratio of 1:2.53 (45 #: 144 9). 
On the other hand no pairs threw a great preponderance of males, 
the most notable among those from which a large number of 
progeny was obtained being pair 2 in the third generation in 
which the ratio was 1:0.87 (115 #: 101 ¢). For the sixth 
generation two sets of matings were made as in the fifth genera- 
tion of the strain 206. One of these was made from a brood with a 
ratio of 1:2.53 (45 o« : 144 ¢) and the other from a brood with a 
relatively low female ratio, 1:1.36 (72 @: 98 9). From the 
former the total progeny of eight matings gave a ratio of 1:1.42 
(461 =: 654 9?) and from the latter the ratio of eleven matings 
was 1.1.05 (944 7:997 9). 

c. Discussion. It seems from the above experiment that the sex- 
ratio in this creature is a strongly transmissible character. Start- 
ing with a pair that throws an offspring showing either high or a 
low female ratio it was possible to maintain, by selection, a strain 
maintaining the respective ratios. The offspring from a given 
pair, when mated in pairs, show a considerable variation in the 
sex-ratio of their children. It is thus possible to develop a strain 
with a low female ratio from one with a high female ratio, or the 
reverse, as is shown in the fifth and sixth generation of experi- 
ment 206 and 207 respectively (tables 8 and 9). The sex-ratio is 
clearly amenable to selection like any other character. 
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It is an interesting fact that it is possible to develop a strain with 
a high female ratio much more easily and pronouncedly than a 
male strain. I have repeatedly tried to hold the sex-ratio to or 
below that of unity but without success. Not infrequently pairs 
will throw a predominance of males but it has not been possible 
to hold them there. The best I have ever been able to do is to 
hold it considerably below that of the normal, but never as low as 
unity. On the other hand, it is relatively easy to select in the 
direction of females even to the extent of 1 to 2. 

It should be observed that in the breeding of these strains the 
most rigorous inbreeding was practiced. It might, therefore, 
be that the difficulty of selecting for a low female ratio results 
from the possibility that inbreeding tends toward the elimination 
of the males. My extensive experience in inbreeding these crea- 
tures, however, does not bear out this explanation. Furthermore, 
in the sixth generation of the high female strain it,was possible 
in two generations to reduce this ratio to near unity notwith- 
standing that the same rigorous inbreeding was continued. 


4. Relative influence of male and female in determining the sex-ratio 


Having thus produced two strains showing a decided difference 
in the sex-ratio of their offspring I wished to determine two further 
points. First, whether the maternal or the paternal elements had 
an equal share in the control of this ratio, and second, whether this 
ratio was determined in the process of fertilization. To this end 
reciprocal crosses were made between the two strains and the pro- 
portion of the sexes in the offspring ascertained. Three experi- 
ments were performed in the following manner. From among 
a brood of each of the two strains a large number of individuals 
were taken. Before sexual maturity a number of males and females 
were isolated, while the remainder were allowed to reproduce. The 
latter gave a control for each of the strains. The isolated virgin 
females of one strain were mated with the males of the other. 
Each experiment thus consisted of four multiple matings. (1) A 
number of brothers and sisters belonging to the male strain. This 
furnished a control for the male strain. (2) A number of brothers 
and sisters belonging to the female strain. This furnished a control 
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for the female strain. (3) Females from the male strain mated 
with males from the male strain, and (4) the reciprocal of ‘(3)’. 

In crossing two strains as in the above experiment three possi- 
bilities might obtain. First, that the two sexes have an equal 
influence in determining the sex-ratio; second, that either sex 
have a predominant influence and third, that a ratio result unlike 
that obtaining in either of the parental strains. While the first 
is probably the expected result, the experiments show in a 
most decided way that the male has little or no influence in deter- 
mining the sex-ratio in this species (tables 10, 11 and 12). In 
most of the cases the ratio of the offspring falls pretty closely 
around that of the strain from which the females were taken. In 
two instances the ratios exceeded 100 per cent influence. The re- 
maining ones, with the exception of strain 244 in which the male in- 
fluence amounted to 35 per cent show the female influence almost 
near enough to 100 per cent to justify one in regarding the differences 
merely as fluctuations incident to the small number of individuals 
involved. The unusually great influence of the male in strain 
244 might be accounted for in two ways. First the number of 
individuals involved in this experiment are relatively small so 
that the ratios of both the control and the crossed broods are not 
as reliable as in the other experiments. Secondly, the flies used 
for this experiment were taken from the earlier generations of 
the two strains, before, we may believe, any considerable selec- 
tion had been applied to fix the character of the respective strains. 
Indeed, this seems to be borne out in the other experiments. 

The materials of the three experiments were not all taken from 
the same generation but were taken from different generations in 
the development of the strain. Thus, in experiment 1 the broods 
were taken from the first generation of strain 206 and 207. In 
experiment 2 the broods came from the second generation of 
strain 206 and the third of 207. The third experiment was made 
from the fourth and fifth generations of strains 206 and 207 
respectively. Arranging these experiments in a series, based on 
the length of time that selection had been practiced on the broods 
used, we see that the male influence decreases as the selective time 
increases. 
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TABLE 10 


Experiment 1 


. | No. 242 No. 245 No. 243 * No. 244 
No. of strain mated....... { B12, K 2122 | 21220 X ldo | 24g X B14q | 21499 K Ber 
| @ 9 cs 9 o 9 cy 9 
Number of individuals....... 208 | 194) 463) 475:) 1a | 2738) 225R sit 
Sex-raiioi(actual) eres eee 1300") (0.98) | 100) 1503") 1-00 | £60 Me O0s iss 
ihheaneticaliratiossse eer 1.00 | 1.288 1.00 | 1.288 
Influence of male parents.... 7.3 per cent 35 per cent 
Influence of female parents.. 92.7 per cent 65 per cent 
TABLE 11 
Experiment 2 
: | No. 271 No. 274 No. 272 No. 273 
No. of the strains mated. . { 252i X 252: | 252309 K 255g} 255g X255q | 255g9. YX 252rach 
a | 9 of Q cs 9 a g 
Number of individuals.......| 332} 545] 589} 919; 739); 818] 680} 698 
Sex-ratio (aotualyes.. 22) 1.00 | 1.69 | 1.00 | 1.56 | 1.00 | 1.106) 1.00 | 1.026 
Theoretical sex-ratio........ | 1.00 | 1.365 1OON ERS G5 
a Sa ay, | ; 
Influence of male parents... . 22 per cent 0 per cent (—13) 
Influence of female parents. .| 78 per cent 100 per cent (1.13) 
TABLE 12 
Experiment 3 
7 aA <c No. 279 No. 281 | No. 280 | No. 282 
No. of strain mated....... ( 275s X 2753 | 275s ox 278,37" | 278, X 2787 | 2787 ox 275s 
| fou is) of io) fou °) fou g 
| 
eRe IEA Rae fe BOE 2 | | | SS 
Number of individuals...... | 289 | 427 | 382] 551 | 1022 | 1044 | 752} 825 
Sex-ratio (actual).........../ 1.00 | 1.477; 1.00 | 1.50 | 1.00 | 1.021) 1.00 | 1.083 
Theoretical ratio............ | | 1.00 | 1.249 | 1.00 | 1.249 
Influence of male parents. eal 0 per cent 13 per cent 


Influence of female parents. . 


100 per cent 


87 per cent 
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TABLE 13 
PER CENT | PER CENT 
OF FEMALE OF MALE 
INFLUENCE INFLUENCE 
Re 
Experiment 1-from broods selected for one { 212 214 92.7 Phew 
POMELRUIOUG 5. VA Wao nir: +f os eA ee | 214 212 65 85 
Experiment 2-from broods selected for 2 and 3f 252 255 78 | 22 
POMETA LIONS 2S i's. <1 Uday sche mplays fap ee meets | 255 252) 100 0 
Experiment 3-from broods selected for 4 and 5f{ 275 278 100 | 0 


PeMerablOnS:s 25.4 vases 4. eee oe \ 278 275] 


87 13 


This fact of the prevailing or exclusive influence of the female in 
determining the sex-ratio occurs in some other species of animals. 
Phylloxerans (Morgan’09) and Dinophilus apatris (Korschelt’82). 
On the other hand, Whitney (’09) seems to have shown that in 
rotifers certain eggs which will produce males if unfertilized 
are changed to females, if impregnated. In the case of Droso- 
phila, we can not be certain that the sex-ratio is established before 
fertilization since the experiments do not with certainty entirely 
exclude the male influence. 


5. Discussion of sex-ratio 


It is not the intention to enter into an elaborate discussion of 
the problem of sex control. The literature is certainly already 
sufficiently burdened with such. The writer wishes merely to 
point out briefly a few conclusions about sex in this species which 
his results seem to warrant. 

The property of sexuality possessed by this species expresses 
itself not in the equal production, numerically, of its two states, 
male and female, but in an unequal production. Studies in normal 
sex-ratios involving a sufficiently large number of individuals are 
not numerous. The unequal production of the two sexes in the 
human species is well established. Montgomery (’08) has given 
the data of a large number of individuals of Theridium and finds 
a marked inequality in the sexes. The general assumption seems 
to be that an equal sex-ratio is the rule. It is not improbable, 
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however, that, as careful determinations upon different species 
multiply, the condition of unequal ratios will be found increasingly 
common. Any theory of sex must take into consideration this 
normal inequality in the sex-ratios. 

Sex-ratio like color, size etc., is a character belonging to a 
species. Sexuality of course is not, for it is common to all species 
reproducing by the sexual method. The particular form of sexu- 
ality, however, the proportion of the two sexual persons to which 
it gives expression in the process of differentiation, this is specific. 
For Drosophila ampelophila, the ratio of one male to 1.126 females 
is a specific character. This is not a ratio of merely the present 
generations but has been transmitted from generations remote. 
It is inherited. It is the expression of the physiological condition 
to which the species has been developed by its environmental 
demands. 

Like other specific characters this ratio should be subject to 
modification, but this should not be more easily done or by other 
methods, in general, than those used in the modification of other 
characters. From this view point it should not be expected that 
the sex-ratio in an animal could be materially changed by such 
agents as food, temperature,etc. A change in the proportion of the 
sexes involves a much more fundamental modification than simple 
starvation or the reverse is likely to induce. In regard to other 
characters, we have long ago ceased to regard them as modifiable 
by such methods, but in the case of sex, it is only recently that 
their futility is being entertained. The most potent factor and 
the one most generally used to modify a character is selection. 
If the experiments herein recorded prove what they are held to 
prove, this process of selection is a potent factor in the modifica- 
tion of the sex-ratio also. It would be interesting to try to line 
this fact up with the chromosomal conception of sex. However, 
the writer regards this as the task of those who are engaged in 
these interesting and important investigations. 
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1. Drosophila ampelophila may be inbred (brothers and sis- 
ters) for seventy-five or more generations. 

2. Inbreeding in itself is not deleterious to the fertility or 
vigor of this species. 

3. ‘Infertility normally occurs to a varying degree among the 
offspring of any pair. Promiscuous inbreeding among such off- 
spring may perpetuate and even intensify this character. When 
sterility appeared in the strain experimented with, it was always 
complete, appeared suddenly and was confined to the male. 

4. By the judicious selection of the brothers and sisters 
to be mated from a brood that shows a high degree of infertility, 
this infertility can be eliminated by selection although continuing 
the inbreeding in the closest possible way. 

5. There is a wide divergence in the fertility and productive- 
ness among the different pairs taken in nature, but by the proper 
selection and closest inbreeding these may be readily brought 
to either a high or low state with respect to these characters. 

6. Many generations of closest inbreeding does not neces- 
sarily cause any loss in size, perfection of form, rate of reaction to 
light and gravity, egg production or length of life and sex-ratio. 

7. The normal sex-ratio of this species in nature when reared 
under diverse conditions of food is one male to 1.126 females. 

8. Different pairs in nature show a wide divergence in the sex- 
ratio of their offspring. 

9. When the offspring from a pair with a given ratio are mated 
in pairs their offspring will show a wide range in the sex-ratio but 
in the aggregate will tend to reproduce the ratio of the brood to 
which they belong. 

10. Sex-ratio is therefore a character that is strongly trans- 
missible. By the proper selection of pairs tending to throw a 
high female ratio on the one hand or a low female ratio on the 
other it is possible to develop strains characterized by high or 
low female ratios. 

11. In this species it is comparatively easy to develop a strain 
with a female ratio considerably higher than the normal but very 
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difficult to develop a strain with a female ratio much lower than 
the normal or even one in which the sexes are equal in number. 

12. Sex-ratio is one of the qualities that is, like color, an inher- 
ent characteristic of this creature, strongly transmissible and 
amenable to the process of selection. 

13. The female is almost wholly responsible in the transmis- 
sion of the sex-ratio. For, if females from a strain possessing a 
high female ratio be mated with males from a strain possessing a 
low female ratio or vice versa, the offspring will show a sex-ratio 
which is wholly or very near that of the strains from which the 
females were taken. 

14. Sex is probably very little, if at all, influenced at fertiliza- 
tion in this species, but is probably determined much earlier and 
by the female, but there seems no reason why this may not be 
influenced by various factors and in some species at fertilization. 
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THE MECHANISM OF LOCOMOTION IN GASTROPODS 


G. H. PARKER 


INTRODUCTION 


The snail’s foot in locomotion is so striking and so easily ob- 
served that it has excited the interest of naturalists for a long 
time and yet a complete solution of even the mechanical prob- 
lems connected with its action seems not to have been attained. 
Within recent times a number of investigators have attacked 
the problem of locomotion in snails, but their efforts have been 
directed chiefly toward the elucidation of the action of the neuro- 
muscular mechanism rather than toward an understanding of 
the external mechanical conditions that accompany locomotion. 
It is the object of this paper to consider, in the light of the more 
recent investigations and from the standpoint of renewed observ- 
ation, the external mechanical factors involved in the movements 
of the gastropod foot. 

The observations recorded in this paper were made partly at 
the Bermuda Biological Laboratory, at the Harvard Zodlogical 
Laboratory, and at the Biological Laboratory of the United States 
Bureau of Fisheries at Woods Hole. I am under obligations to 
the directors of the laboratories mentioned for the materials and 
opportunities for carrying on these studies. 


TYPES OF MOVEMENT 


When the locomotor movements of the foot in many species of 
gastropods are compared, a surprising diversity is found. These 
different types of movement have been well classified by Vlés 
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(07) and are apparently characteristic not only for species but 
for larger groups of gastropods. In the majority of species thus 
far examined, the pedal waves course forward over the foot, thus 
agreeing in direction with the animal’s locomotion. Vlés has 
appropriately designated this type of movement as the dzrect type 
and has given the following gastropods as examples; the pulmo- 
nates (including Onchidium), Aplysia, Aeolis, Doris, Haliotis, 
Trochus, Cyclostoma, and certain small species of Littorina. I 
can confirm this statement for such of these molluscs as I have 
examined, namely, many pulmonates, including Onchidium, and 
I can add to this list Crepidula fornicata. In other gastropods 
the waves pass over the foot from anterior to posterior and this 
type has been designated by Vlés as retrograde. As examples he 
has given Acanthochites fascicularis, Littorina littorea, and L. 
rudis. Besides confirming Vlés’ observation on Littorina lit- 
torea, I can add to this list Dolabrifera virens Verrill, Tectarius 
nodulosus Gmel., Nerita tessellata Gmel., and Chiton tuber- 
culatus Linn. According to the observations of Jordan (01, 
p. 99) Aplysia belongs under this head and not under that of the 
direct type as given by Vleés. 

In both chief types of movement several subtypes can be dis- 
tinguished as determined by the lateral extent of the pedal waves. 
In some gastropods each wave extends over the functional width 
of the foot and thus the foot is occupied by only a single series 
of waves. This subtype has been termed by Vlés monotazic, 
and is exemplified by the pulmonates and chitons. In addition 
to these gastropods, Dolabrifera virens also has a monotaxic 
wave. In other gastropods the foot is functionally or even struc- 
turally divided along the median plane and exhibits a double sys- 
tem of waves, one right and the other left. This subtype has been 
designated ditaxic by Vlés and is exemplified by Haliotis, Tro- 
chus, and Cyclostoma among the direct types, and by Littorina 
littorea among the retrograde types. Besides confirming Vlés’ 
statement as to Littorina littorea, I can add Tectarius nodulosus 
and Nerita tessellata as ditaxic gastropods. In Tectarius the 
waves on the two sides of the foot usually alternate and they are 
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so extensive that never more than two waves can be seen on one 
side of the foot at once. The foot, therefore, moves forward in 
alternate steps, first on the right side and then on the left, the 
motion resembling that of a person in a sack walk. In Nerita 
the wave begins anteriorly as a single wave whereupon it breaks 
and passes down the right and left sides of the foot to unite as 
one wave again at the posterior margin. These two conditions 
of alternate waves, asin Tectarius, and opposite waves, as in Nerita. 
will probably be found exemplified in other ditaxic gastropods. 
In certain small species of Littorina with direct movements, Vlés 
has described four parallel sets of waves, fulfilling the require- 
ments of a tetrataxicsubtype. This occurs, according to Vlés, 
only in connection with the retrograde type of movement. I 
have seen no example of it. 

Among those snails that I have examined, one species, Ilyan- 
assa obsoleta (Say), seems to find no place in Vlés’ classification. 
This snail is a vigorous, active creeper. Its foot covers a large 
area compared with the size of its body. Anteriorly the foot is 
truncated and auriculate; posteriorly it is bluntly rounded. Its 
ventral surface is whitish, flecked over with irregular grayish 
splotches. In resting, the snail uses chiefly the posterior part of 
the foot, the anterior part being sometimes more or less with- 
drawn into the shell. In locomotion the anterior part seems to 
be the more active. Notwithstanding the fact that this snail 
is very easily observed in active creeping and that its foot is 
marked in a most favorable way for exhibiting wave-like move- 
ments, I have never been able to discover any evidence of such 
movements. When in locomotion, the whole foot seems to glide 
at a uniform rate over the surface of attachment such as that of a 
glass plate. Only along the anterior edge and over a small por- 
tion of the anterior ventral surface of the foot, can slight varia- 
tions in the rate of movement be discovered and these variations 
are so local and scattered that they can in no sense be regarded 
as forming a wave. The movement of the foot of Ilyanassa has 
a most striking resemblance to that of the foot of a planarian in 
which cilia may be the chief motor organs, but on testing the foot 
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of Ilyanassa with carmine suspended in seawater, not the least evi- 
dence of cilia could be discovered. I therefore believe that Ily- 
anassa moves by a form of muscular activity that does not appear 
as pedal waves and it is not improbable that other gastropods 
will be found that have the same peculiarity. That Vlés recog- 
nized something of this kind may be inferred from his statement 
that no changes in color can be seen in the creeping foot of Nassa, 
Buccinum, Aeolis, etc., and that the direction of the waves in 
these instances can be judged only by the deformations produced 
at the edge of the foot. As Vlés makes no further mention of 
Nassa in his subsequent account, I suspect that it is more or less 
like Ilyanassa and is capable of little or no pedal-wave movement. 
The locomotion of such gastropods I should designate as due to 
arhythmic pedal movements as contrasted with rhythmic pedal 
movements, such as have been fully classified by Vlés. 

It is a significant fact that all gastropods, irrespective of their 
type of movement (direct or retrograde), are restricted to 
forward locomotion. None, so far as I am aware, can reverse 
and move backward as, for instance, an earthworm can. What- 
ever differences these various types of pedal movements possess, 
they still lead to but one result, the forward locomotion of the 
snail. 


THE GASTROPOD FOOT AS A HOLDFAST 


The snail’s foot subserves the double function of attachment 
and locomotion. As means of attachment snails secrete a bed 
of mucus, and use the foot as a sucker. Both methods are com- 
monly employed by the same species, but in a given form one 
method is usually developed much in excess of the other. For 
instance, in Helix pomatia, Limax maximus, and other allied 
species, the moist surface of the expanded foot will stick with 
some tenacity to glass. But if such an animal be allowed to creep 
its length over a glass surface and thus spread a bed of mucus on 
which it can rest, it will be found to have multiplied the strength 
of its attachment many times. The mucus adheres to the glass 
and the surface of the foot to the mucus very much more power- 
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fully than the foot alone can adhere to the glass. That this 
attachment is due chiefly to the adhesive properties of the mucus 
and not to the sucking action of the foot, is seen from the fact that 
the attachment can be completely accomplished over a minute 
hole in a plate of glass. When a snail in such a position is seized 
and drawn off, air is sucked in through the hole in the glass as the 
middle of the foot rises, showing that under these extreme cir- 
cumstances, the foot does act as a sucker, but in the ordinary 
resting state of the snail no such suction is exerted. All snails 
with which I am acquainted deposit more or less mucus and 
though this is sometimes so small in amount that it can be demon- 
strated only by means of powdered carmine, it serves, I believe, 
in so far as it is present, as a means of attachment. This produc- 
tion of mucus is highly developed in the pulmonates. Its rela- 
tion to creeping on the surface-film of water, as exhibited by many 
fresh-water snails, has long been recognized. i 

In some snails the foot serves as an organ of attachment chiefly 
through its power of suction. The general surface of the foot is 
applied closely to the substrate after which the central portion 
is lifted thus converting the foot into a sucker. This kind of 
attachment is well exemplified in Patella, Crepidula, etc. Crep- 
idula fornicata can be made to creep over a surface of glass and 
can move with ease and security over a minute hole in the glass. 
If, however, the snail is disturbed by being touched several times 
when its foot is over the hole, it will actually dislodge itself by 
endeavoring to suck firmly to the glass, for in so doing it will 
fill to repletion the forming concavity on the underside of its foot 
by sucking water through the underlying hole. When one con- 
trasts the difficulty with which Crepidula is dislodged from its 
natural surface of attachment, particularly after it has been in- 
duced to exert full suction, with the ease with which it can be 
made to dislodge itself when over a small hole, the magnitude of 
its power of suction becomes apparent. The action of the foot 
of Aplysia as a suction apparatus has already been demonstrated . 
by Jordan (01). These two methods -of attachment, suction, 
and adhesion through mucus are the chief means by which snails 
hold to the surfaces on which they creep. 
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THE GASTROPOD FOOT AS A LOCOMOTOR ORGAN 


Locomotion by the gastropod foot, is not dependent upon 
ciliary action but is a muscular operation as shown by Dubois 
and Vlés (07). The precise way in which the movements of loco- 
motion are accomplished can best be made out by examining good 
examples of direct and retrograde movement. The first is well 
exemplified in Helix pomatia and Limax maximus; the second in 
Chiton tuberculatus and Dolabrifera virens. 

In an expanded and actively creeping Helix pomatia, the foot 
may measure as much as seven to eight centimeters in length 
by two and a half in width. Over this a succession of transverse, 
dark-brownish waves run from posterior to anterior. At any 
instant there may be as many as ten or a dozen such waves on the 
foot. Each wave is separated from its neighbor by a space equal 
to about three-times its own thickness. The waves travel over 
the foot in about thirty seconds, or at a rate of a centimeter in 
seven to eight seconds. These records, taken from a normal in- 
dividual, agree fairly well with those given by Bohn (’02) and by 
Biedermann (’05). 

As the snail creeps, it spreads from the mucous gland at the an- 
terior edge of its foot a broad path of slime over which it makes 
its way. An active snail marks its course in this manner by a 
long track of slime. A somewhat exhausted snail, when placed 
upon an appropriate substrate, will almost always creep far enough 
to lay a mucous path that will subtend the whole of its foot, after 
which it will cease creeping. If it is removed to another position, 
it will usually repeat this operation, but it will seldom creep far- 
ther. This habit is doubtless connected with the effectual at- 
tachment of its foot to the substrate. | 

Locomotion in Helix, like that in other pulmonates (Kiinkel, 
’03), is apparently inseparable from the wave movement of its 
foot. When a snail is placed upon a glass plate preparatory to 
creeping, it lengthens and expands its foot; almost immediately 
thereafter pedal waves appear and the animal begins to move 
forward. Such a snail will creep over a perforation in a glass plate 
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without sucking air through the perforation, thus demonstrating 
that its attachment in locomotion, as in rest, is due to adhesion 
and not to suction. In fact ina creeping Helix the foot not only 
does not suck but actually presses on the substrate. If, as the 
snail creeps, a bubble of air is intreduced under it by a capillary 
tube or other means, this air will usually escape at the edge of the 
foot in such a way as to show that it was under considerable pres- 
sure. The action of such bubbles demonstrates that the foot as 
a whole is firmly attached to the mucous substrate, in fact presses 
against it. Locomotion in Helix pomatia, then, has to overcome 
under ordinary circumstances only the adhesion of the foot and 
this is accomplished apparently by the pedal waves. In snails 
in which the attachment is due to suction as well as to adhesion, 
locomotion requires that both attractive forces shall have been 
overcome, but, as suction is muscular, it seems likely that this 
would be relaxed somewhat, as seems to be the case in Crepidula, 
before locomotion begins. 

How the pedal waves accomplish locomotion is still a disputed 
question. According to von Uexkill (09, p. 181), who has fol- 
lowed Jordan (01) and Biedermann (’05) in many particulars, 
each pedal wave is formed by the contraction of the longitudinal 
muscles of the foot and takes the form of a slight swelling on the 
underside of the organ. Such a wave, as von Uexkiill rightly re- 
marks, would effect nothing by way of locomotion unless some 
portion of the foot were fixed. Von Uexkiill (09, p. 187) believes 
that the foot is provided with some such mechanical device as the 
setae of the earthworm, which, resist backward movement while 
they allow forward motion and that, therefore, the region in front 
of each wave may be regarded as a fixed region. Hence the con- 
traction waves would always draw that portion of the foot where 
they temporarily were forward over the substrate toward the 
fixed point in front and as a result forward locomotion would be 
accomplished. 

Although this explanation is free from mechanical objections, 
it is doubtful whether it really applies to the case in hand. Von 
Uexkill has maintained in support of this view, that a snail can 
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be slipped over a glass plate more easily forward than backward, 
just as an earthworm can be drawn over an appropriate surface 
more easily headward than tailward. I must confess that I have 
not been able to convince myself that there is any difference 
in this respect in Helix pomatia or Limax maximus; both 
seem to slip over the glass forward and backward with equal 
ease. 

Moreover, the view advanced by von Uexkiill is based upon 
what I believe to be a somewhat erroneous conception of the pedal 
wave. Biedermann (’05, p. 11) pointed out that the foot of Helix 
pomatia has great advantages over that of many other gastro- 
pods for studies of this kind because of the numerous small specks 
contained in its outer layer. These specks can be discerned clearly 
by means of a hand lens and they give a true picture of the move- 
ments of the foot. As watched through a plate of glass over which 
the animal is creeping, they can be seen, as Biedermann has de- 
seribed, to move momentarily forward, then come to rest, and then 
again to move forward. ‘This is best demonstrated on a sheet of 
glass on which there are numerous scratches. Such scratches 
serve as landmarks and by them it can be seen that the minute 
specks in the foot do remain essentially fixed in position and then 
momentarily move forward to assume again for a brief period a 
position of rest. When this motion is examined in relation to the 
foot as a whole, it is evident that the forward motion takes place 
in the dark waves and that quiescence is characteristic of the 
intermediate lighter portions of the foot. Each wave, then, is a 
pulse of forward motion and the rest of the foot is momentarily 
quiescent. The area covered by the waves is probably a fourth - 
or a fifth of the total area of the foot. At any moment, therefore, 
about three-fourths to four-fifths of the surface of the foot is 
stationary and about one-fourth to one-fifth is moving forward. 
In other words the snail stands on the greater part of its foot while 
it moves forward with a much lesser part. 

Essentially the same conditions as have been described for Helix 
pomatia can be demonstrated in Limax maximus. I particles 
of carmine be driven into the substance of the median, active 
band of the foot of this slug, they can be seen to exhibit exactly 
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the same type of movement as has been described for the specks 
in the foot of Helix. In Limax the waves, however, are light in 
color, instead of being dark as in Helix, and their surfaces, .as 
seen in the air, are marked with fine wrinkles transverse to the 
longitudinal axis of the animal. These wrinkles show that the 
waves are regions of longidudinal contraction, as has been main- 
tained by most recent writers on this subject. 

The chief error in most previous accounts of the locomotion of 
the gastropod foot is found in the physical configuration ascribed 
to the underside of this organ. Biedermann (05, pp. 10, 17) 
states that the waves are convexities on the surface of the foot 
and that they press more firmly against the substrate than does 
the rest of the foot. This view was adopted by von Uexkill 
(09, p. 187) in his discussion of gastropod locomotion. In Helix 
pomatia it is by no means easy to determine whether the waves 
are convexities or not, for the reason that they are at most only 
very slightly different in level from the general surface of the 
foot. On inspecting by reflected light the free ventral surface of 
a part of a Helix foot over which waves were running, I was un- 
able to tell with certainty whether the surfaces of the waves were 
convex, concave, or flat. If, however, the creeping foot be closely 
studied through glass, evidence of a conclusive kind can be found. 
If, under these circumstances, a very minute air bubble entangled 
in the mucus under the snail is watched, it will be seen to change 
its form and position slightly as each wave passes over it. As 
the wave approaches it, it will elongate slightly on its face 
next the wave and at times move a little towards the wave, and 
as the wave leaves it, it will elongate slightly in the opposite 
direction and at times follow slightly the retreating wave. The 
motions of the bubble are exactly those that should be expected 
provided the wave exerted a slight suction in its passage and the 
reverse of what would occur supposing the wave pressed upon the 
bubble. The evidence, though slight, is clear and I, therefore, 
believe that each wave on the underside of the foot of Helix 
pomatia is a slight concavity. 

Although the configuration of the surface of the wave in Helix 
pomatia could be determined only indirectly, in Limax maximus 
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it can be seen with distinctness. If the anterior part of the 
foot of this slug be applied to a glass surface, the pedal waves 
appear quickly over the whole foot. On inspecting the portion 
of the foot not yet in contact with the glass, the waves can be 
identified as dark bands alternating with light areas. On examin- 
ing from the side the portion of the foot not yet in contact with 
the glass, it can be clearly seen that the waves are concavities 
in the foot as compared with the areas between the waves. I 
am, therefore, entirely convinced that, contrary to the opinion 
expressed by Biedermann and others, the pedal waves of the gas- 
tropods are concavities and not convexities on the foot. In these 
concavities, which are probably filled with the more fluid portion 
of the mucus, the foot moves forward, the rest of this organ being 
temporarily at a standstill. 

The mechanical advantage of this arrangement must be obvious. 
The snail is attached to the substrate chiefly by adhesion to the 
denser mucus. This attractive force is overcome by drawing 
certain parts of the foot, the region of the waves, away from the 
substrate. These parts are then in a position to move with re- 
duced resistance and are momentarily shifted forward while the 
snail supports itself on the rest of its foot. As this release from 
adhesion is propagated as a wave over the whole of the foot, this 
whole organ, together with the rest of the snail, is eventually 
moved forward. At first thought it might seem that such a 
wave movement could not produce so uniform a motion as snails 
show, but it must be remembered that the uniformity of this 
movement is seen only in parts of the animal some distance from 
the foot. On the foot itself the operation is alternate movement 
and rest, which becomes more and more continuous motion as 
points onthe body moreand more distant from the foot arereached. 
The locomotion is in many fundamental respects like that of the 
human being. In our locomotion each foot is alternately at rest 
and in motion and yet distant parts of our body, like the head, 
show a motion which in comparison with that of our feet is almost 
continuously uniform. In fact, a ditaxic gastropod with alter- 
nate, direct, single waves on the foot would almost exactly re- 
produce the method of locomotion found in the human being. 
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Tectarius, as already noted, practically fulfills these conditions 
except that its waves are retrograde. This general theory of 
the mechanics of gastropod locomotion is an elaboration of the 
views already set forth by Jordan (01). 

It is not my purpose in this paper to enter into an account of 
the musculature by which the movements already described are 
carried out, for I have made no observations on this part of the 
subject. It is, however, pertinent to show that the elements of 
motion implied in the preceding description are not inconsistent 
with the general structure of the snail’s foot. The work of Jor- 
dan (01), Biedermann (’05), and others shows conclusively, I 
believe, that the musculature of the snail’s foot works against 
the elastic-walled, fluid-filled cavities of the animal’s interior 
and that these cavities are often temporarily closed from one 
another. It is these spaces which, acting collectively as a vacuo- 
lated, erectile tissue, give rise to such rigidity as is possessed by 
the expanded foot of the snail. In this tissue two sets of mus- 
cles, longitudinal and dorso-ventral, have been identified. The 
dorso-ventral muscles lift the foot locally from the substrate. 
They are imbedded in the vacuolated tissue already mentioned 
and when they contract, their dorsal ends, being more firmly 
set than their ventral ones, serve as relatively fixed points and 
the ventral ones, therefore, move. The mechanical support that 
these muscles receive comes primarily from the tissue adjacent 
to their dorsal ends which in turn gets its support from other 
tissues reaching to the parts of the foot fixed on the substrate in 
front and behind the region of elevation. The action of the ven- 
tral end lifts the foot locally and overcomes adhesion in the given 
region. When the muscle relaxes, the portion of the foot that was 
elevated is returned to its former level chiefly by the elastic action 
of the vacuolated tissue and the muscle recovers its original length 
and position. This action of the dorso-ventral muscles takes 
place in sequence from behind forward and thus a concave wave 
runs on the surface of the foot from tail to head. 

The second element in the pedal wave is the forward movement 
of that portion of the foot which is temporarily lifted from the 
substrate. This must be accomplished by the contraction of the 
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longitudinal muscles and can be best pictured by reference to the 
accompanying diagrams. These diagrams represent steps in the 
passage of a concave wave over the foot of a snail from an anterior 
position to a posterior one (left to right in the diagram) whereby 
the point x is temporarily released from full adhesion to the mu- 
cous surface, moved forward, and brought to full adhesion again. 
The point x is supposed to be associated with a particular longi- 
tudinal muscle fiber, number 2, through whose action it is moved. 
In A, this fiber is shown in its relaxed condition with the wave 
approaching. In B, the wave has released the point 2 from full 


adhesion. In C, fiber 2 has contracted and since the posterior 
end of it is over a released part of the foot and the anterior end 
over a fixed part, the posterior end with the underlying point z 
has been moved anteriorly. In D, the fiber remains contracted 
and the point x has come again to adhere to the substrate. In £, 
the wave has reached the next longitudinal fibre anterior, number 
3,which has contracted and drawn out the relaxing fiber, number 2, 
to its original length and position in reference to point x. The 
contraction of each longitudinal fibre then serves two purposes: 
it moves the foot forward as the releasing wave passes over the 
region and it extends the relaxing posterior fiber. In this way each 
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point on the foot is lifted, moved forward, and set down again 
and thus the foot, and with it the animal as a whole moves for- 
ward. From this theoretic consideration, it is evident that the 
theory of pedal-wave action advanced in the preceding paragraphs 
is entirely consistent with such an arrangement of muscles as has 
long been known to occur in the gastropod foot. 

Vlés (07) has called attention to the fact that the majority of 
theories as to the locomotor action of the gastropod foot apply 
only to the direct type of movement and do not take into account 
the retrograde type. The theory put forward in this paper is 
believed to apply equally well to both types. Among retrograde 
gastropods, Chiton tuberculatus is an excellent example. This 
molluse uses its foot asa sucker, but nevertheless can creep with 
considerable rapidity. It exhibits, as a rule, not more than two 
waves on the foot at a time; these course posteriorly at the rate 
of about a centimeter in five seconds. In a Chiton creeping over 
a glass plate, the wave when viewed from the side can be seen to be 
an area lifted well off the substrate. This feature is much more 
conspicuous in Chiton than in any other mollusc that I have ex- 
amined. As in the pulmonates, the surface of the Chiton foot in 
direct. contact with the substrate is motionless; that in the wave 
area moves forward. At any moment about one quarter of the 
Chiton foot is moving forward while the animal supports itself on 
the remaining three quarters. 

In Dolabrifera the foot is pear-shaped in outline with the 
rounded end posterior. Itisabout8mm.inlength. In creeping, 
one to two waves can be seen on its surface at once; each wave 
sweeps the length of the foot in aboutseven seconds. Asin Chiton, 
the waves can be clearly seen to be areas in which the foot is lifted 
completely from the substrate to which the rest of the foot is 
firmly applied. The pedal surface is mottled and in the wave 
area it can be seen to be moving forward, whereas on the rest of 
the foot it is motionless. The total wave area is about one-half 
the total area of the foot. 

The conditions in Chiton and in Dolabrifera are essentially 
similar to those in the pulmonates, except that the pedal waves 
progress posteriorly instead of anteriorly, z.e., the dorso-ventral 
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muscles contract in sequence from the anterior to the posterior 
end instead of the reverse and the longitudinal muscles follow 
the same sequence; otherwise they act as they do in the direct 
type. It is evident from this brief discussion of the nature of the 
waves in the retrograde type that the theory developed in connec- 
tion with the direct type applies perfectly to this second type. 

It remains still to point out that what I have called the arhyth- 
mic form of pedal locomotion, a form well exemplified in Ilyan- 
assa, may be explained on the same general basis as that which 
has just been given for the two types of arhyhmic locomotion. If 
the foot of such a snail as Ilyanassa be thought of as composed of 
a multitude of small areas, each one of which can be lifted from 
the substrate, moved forward, and set down again separately, 
and that this action takes place irregularly and without reference 
to any sequence, it can easily be seen how the animal could move 
forward but without the formation of pedal waves. It is my be- 
lief that this is the condition in the foot of the arhythmic gastro- 
pods, but because of the small size of Ilyanassa, I have not been 
able to subject this opinion to experimental test. 

Before closing this paper, I wish to add a word concerning the 
very remarkable method of locomotion observed by Carlson (’05) 
in Helix dupetithouarsi. The movement carried out by this 
snail is appropriately described as a gallop, both from its rate and 
configuration. The snail on strong provocation lifts the head and 
projects it forward, and eventually brings it to the ground, thus 
initiating a giant wave which proceeds backward over the length 
of the body. Several such waves may be present at once. Carl- 
son suggests that this movement is only an exaggerated form 
of the ordinary locomotion, but I am inclined to agree with Jordan 
(05, p. 104) that this is probably an entirely different type of 
locomotion and I suspect that this snail also possesses the typical 
pedal wave. In fact it seems to me likely that the gallop was, 
so to speak, superimposed on the pedal wave system and, had the 
snail when in gallop been examined from below, the pedal waves 
would have been seen in operation in conjunction with the body 
waves. I am the more inclined to the view that the gallop is an 
independent form of locomotion as compared with the pedal 
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waves, because in the gallop the body waves of this species, as 
reported by Carlson, were retrograde whereas the pedal waves in 
all Helices thus far reported are direct. 


SUMMARY 


Ordinary gastropod locomotion is accomplished either without 
pedal waves (arhythmic) or with pedal waves (rhythmic). In 
rhythmic locomotion the waves may run from posterior to ante- 
rior (direct) or the reverse (retrograde). The foot may exhibit 
one (monotaxic), two (ditaxic), or four (tetrataxic) series of 
waves. In the ditaxic foot the waves may be alternate or oppo- 
site. 

The gastropod foot is an organ of attachment through adhesion 
(mucus) or suction, or both. 

The pedal wave is an area of the foot that is lifted off the sub- 
strate as compared with the rest of the foot and thereby freed 
more or less from adhesion. It is also the region of the foot that 
moves forward, the rest of the foot remaining temporarily station- 
ary. Locomotion is the cumulative result of local forward motion 
on the part of one section of the foot after another till the whole 
foot has teen moved. The same type of muscular movement as 
that seen in rhythmic locomotion can be present in a diffuse form 
(not wave-like) in a gastropod foot and will result in locomotion. 
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INTRODUCTION 


Of late years the term ‘regulation’ has come into such general 
use and has neen applied to so wide a range of organic phenom- 
ena, that it seems desirable to attempt a general consideration 
and analysis of the regulatory processes from the present view- 
point of physiology. Tne biologist who takes the position that 
there is at the present time, when the investigation and analysis 
of the physics and chemistry of the organic processes is still only 
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at its beginning, no adequate basis for ‘vitalistic’ interpretations 
of regulatory phenomena finds but little satisfaction or enlighten- 
ment in Driesch’s ‘entelechy’ or in other assumptions of the neo- 
vitalistic school. 

In the present state of our knowledge these views are and must 
remain expressions of personal opinion. Driesch’s first two ‘Be- 
weise der Autonomie der Lebensvorgange”’ (Driesch, ’01, ’03 etc.), 
which are based on certain phenomena of form regulation, con- 
stitute proofs only when we accept Driesch’s premises, and as I 
have pointed out (Child, ’08b) these premises are pure assump- 
tions. Neither Driesch nor anyone else has placed them on a 
foundation of fact. The existence of the ‘harmonious-equipo- 
tential system,’ for example, which is of so great importance to 
Driesch, is a matter of assumption, not of fact. So far as the sys- 
tems, which according to Driesch belong in this category, have 
been thoroughly examined, they have shown themselves to be 
neither harmonious nor equipotential in Driesch’s sense, and to 
the extent which he has assumed. It is of course easy to assume, 
as Driesch has done, that the harmony of these systems is due to 
entelechy and their limitations to physico-chemical factors, but 
such assumptions, since they are so manifestly invented ad hoc, 
do not carry conviction to the minds of most biologists, what 
ever, their effect upon their author. 

Much the same is true of other modern vitalistic hypotheses: 
as expressions of personal opinion, they are of great interest in 
the history of scientific thought, but none of them thus far has 
presented any convincing arguments in its own support. 

Furthermore, with the exception of Driesch’s analytical con- 
sideration of the regulatory phenomena in organisms, most of 
the recent published works of general character, which concern 
themselves primarily with the regulations which involve the 
visible morphological features of the organism, e. g., the books of 
Morgan (’07), Korschelt (’07) and Przibram (’09), have been de- 
voted chiefly to the descriptive, rather than the analytical and in- 
terpretative aspects of the subject. 

In view of these facts, an attempt at physiological analysis of 
the regulatory processes or of some of them can scarcely be re- 
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garded as superfluous. The further my own investigations in ~ 
this field proceed, the more completely I am convinced that those 
phenomena, which we are accustomed to call regulations are 
among the most characteristic, perhaps it is not too much to say, 
the most characteristic phenomena of life. 

The views of different authors concerning the relation between 
regulatory and ‘normal’ or ‘typical’ phenomena are very different. 
Roux (95, II, pp. 843-4), for example, makes a sharp distinction 
between typical and regulatory development, though he admits 
that the distinction is analytical rather than practical. For 
Driesch regulation is areturn approach to the normal condition, after 
this condition has been disturbed by some external factor. Many 
physiologists, on the other hand, have used the term ‘regulation’ 
in a much broader sense, as applying not only to the extra-normal 
or extra-typical but at least to many of the most typical phe- 
nomena of life. 

Because there is no general agreement concerning the real basis 
and nature of these processes, and because the regulations are of 
great importance for any interpretation of life, it seems worth 
while to undertake a brief analysis of them and particularly of the 
regulations which involve form and structure to a large extent. 
The present paper is concerned with such an analysis. 


THE ORGANISM AS A PHYSICO-CHEMICAL SYSTEM 


1. The relation between metabolism and structure 


The structural basis of living organisms consists primarily of 
colloids. These colloids, together with water, make up the greater 
portion of what we are accustomed to call protoplasm and in this 
protoplasm the various reactions and processes which character- 
ize life occur. The universal association of colloids with life 
suggests that these substances play an important part in some 
manner in determining some of the characteristic features of 
life. 

Metabolism has been commonly conceived in the past as con- 
sisting, on the one hand, of the synthesis of an exceedingly complex 
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and highly labile molecule, and on the other, of the breaking down 
of this molecule in functional activity. According to this view the 
colloid structure built up is used in function and must be continu- 
ally replaced. | 

During recent years, however, many facts have been discovered 
which seem to make necessary some modification of this view of 
the relation between metabolism and colloid structure. In the 
first place, most proteids, and indeed most organic colloids, are 
relatively inactive chemically. The common interpretation of this 
fact has been that death involved, or perhaps consisted in a change 
from lability to relative stability of the proteid molecule. But the 


‘recent work of Fischer and others upon proteids makes it highly 


probable that the proteid molecule, although very large, is not so 
complex as has been supposed, but may be polymeric in high 
degree. Thus the assumption of extreme lability of this molecule 
in the living organism becomes even more difficult than before. 

Work along other lines has demonstrated that the nitrogen me- 
tabolism is only a fraction of the total metabolism of the organism 
and that it does not necessarily increase in proportion to functional 
activity. Moreover, the nitrogen requirement for maintenance in 
animals is apparently much smaller than had been supposed. All 
of these facts seem to indicate that in the living organism, as 7n 
vitro, the proteids, or many of them, are relatively inactive chemi- 
cally; that after they are formed, they are excluded to a large 
extent from metabolism simply because of their relative inactivity. 
If these conclusions be correct, the accumulation of proteids 
in the organism is a process not very different from the deposition 
of other forms of inactive substance in or about the cell, e. g., 
chitin, insoluble salts, ete. Indeed it is highly probable that the 
accumulation of most or all structural substances in the organism 
is due to the fact that they are relatively inactive under the exist- 
ing conditions. After they have arisen in metabolism they per- 
sist or disappear much more slowly than other substances, stmply 
because under the existing conditions they do not enter chemical 
reactions as readily as other substances. 

But the proteids and other substances deposited in the cell are 
not absolutely inactive and undoubtedly do enter metabolism 
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to some extent at all times. Under certain conditions, however, . 
?. €., in the absence of certain other substances, they, or some of 
them, may reénter metabolism to a much larger extent and fur- 
nish energy. It is a familiar fact that in the absence of nutritive 
material from without’ the organism uses up its own substance, 
2.e., the relatively inactive substances which under other conditions 
had accumulated in it. In certain of the lower organisms this 
process may continue until the organism is reduced to a minute 
fraction of its original size. These facts do not, however, conflict 
with the suggestions made above as to the relative inactivity 
of structural substance, but serve rather to confirm the idea that 
the accumulation of these substances, when other nutritive mate- 
rial is present, is due to their relative inactivity. 

Various authors have attempted to distinguish between a mor- 
phological and a functional metabolism, but it is doubtful whether 
such a distinction is valid, except as an expression of the fact that 
substances of different degrees of chemical activity arise in the 
course of metabolism and that certain of the less active substances 
constitute the structural basis of the organism, while others 
undergo chemical transformation and elimination. 

It is of course not merely the nature of the substances them- 
selves, but the existing conditions as well, which determine the 
degree of activity or inactivity. Under certain conditions a cell 
or an organ may accumulate certain substances and so acquire 
a certain characteristic structure, while under altered conditions 
these substances may rapidly disappear and others be accumu- 
lated. Thus, for example, the odcyte, during its growth period, 
accumulates yolk, which under the existing conditions is almost 
wholly inactive chemically and so appears as a structure-building 
substance. But when fertilization occurs the conditions within 
the cell are so altered that the accumulated yolk rapidly reénters 
metabolism and serves as nutritive material. In fact we may say 
that the egg does not produce yolk because it is to develop into 
a new organism, but that it develops as it does because it has 
accumulated yolk. In the periodic changes in the cell connected 
with growth and division there is also abundant evidence for the 
occurrence of changes of this character. 
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If we may accept this view of structure in the organism, and all 
the facts are in its favor, then it is actually very similar in its rela- 
tion to the energy current to the morphological characteristics 
of a river system except of course that the latter are mechanically 
produced. The constructed islands and bars, the depositions of 
the river, represent those particles or masses which have, under 
the conditions existing at a given time and place, been left behind 
by the current. Under certain conditions the river may produce 
structure of a certain kind at a certain point in its course, while 
under different conditions this structure may disappear and give 
place to structure of a different kind. 

But the most important fact for present purposes is that in the 
organisms, as in the river, structure, as soon as itappears, begins 
to influence the metabolism, the energy current. From this time 
on the metabolic processes, like the flow of the river, occur in a 
certain structure and here the mutual interactions begin. - Of the 
character of these interactions in organisms we are only beginning 
to obtain some vague conceptions, but that they occur, it is 
impossible to doubt. 

Perhaps a few words will not be out of place concerning the 
bearing of these facts and suggestions upon the theory of ‘forma- 
tive substances’ which has played a considerable réle in embryo- 
logical investigation during the last few years. Most of the sup- 
porters of this theory have attempted to identify the so-called 
formative substances with visible granules or other accumula- 
tions in the cytoplasm, without considering the fact that the 
appearance of these substances in visible structural form indicates 
that they are, at least for the time being, relatively inactive, and 
that they are first of all products or incideats of metabolism 
(Child, ’06b). Of course some or all of these substances might 
reénter metabolism under altered conditions and so play a part 
in determining its character, but the important point is that they 
are indications of a difference in metabolism already existing in 
the different regions where they are formed. We might expect 
that the differences in metabolism, which are certainly more im- 
portant as formative factors than these accumulations of granules, 
would persist in the different regions, even if the granules could 
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be removed. Fortunately the embryologists themselves have now 
a method of removing these granules from their usual position, 
z.e., the method of centrifuging the egg, and the results of recent 
experiments along this line indicate, as was to be expected, that 
the granules are quite unessential to regional localization and dif- 
ferentiation of the embryonic structures. 

It is evident from the above suggestions that our fundamental 
conceptions of the relation between structure and function in 
organisms must be intimately connected with our ideas concerning 
the nature of colloid substances and their significance as a sub- 
stratum or medium for chemical reactions. Within recent years 
it has beea pointed out repeatedly that these substances afford 
various means for the partial or total isolation of different chemi- 
cal reactions in organisms and that their mere presence may bring 
about such isolation, e.g., by the formation of semipermeable mem- 
branes. Here then we have a physico-chemical basis for localiza- 
tion and differentiation. Moreover, the changes in the physical 
aggregate condition of colloids, together with the possibility of 
the simultaneous existence of different phases of high and low 
water-content, must play a part in determining the degree and 
place of dissociation of various substances, and therefore in de- 
termining the speed of reactions in different regions, as well as 
the occurrence or non-occurence of certain reactions at partic- 
ular points. It is then, to say the least, highly probable that 
the possibilities of localization, physiological specification and - 
the accompanying possibilities of physiological correlation of 
parts and of regulation are very closely connected with the fact 
that the formation of colloids is a component of the reaction 
complex known as metabolism. Moreover, as I have attempted 
to show in another paper (Child, ’11b), the accumulation of rela- 
tively inactive substances, particularly colloids, in the cell is 
undoubtedly a factor in senescence, in that it constitutes an 
obstacle to the metabolic interchange and so brings about a de- 
crease in the rate of metabolism. 

If the conclusion be correct, that the visible structural elements 
of the cell are, at least for the time being, relatively inactive chem- 
ically, thea it follows that these elements do not represent the 
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‘living substance’ in the stricter sense, but are really the least 
‘alive’ of any part. The reactions which furnish the energy of 
life undoubtedly occur, at least in large measure, in the more fluid 
parts of the cell, the parts which present the least characteristic 
structure. The so-called living substance is actually then, so far 
as it presents a visible structure, chiefly a substratum or medium 
in which the reactions occur, and is itself the product of past reac- 
tions. That these structural elements, as they accumulate, must 
modify the rate and character of the reactions to an increasing 
extent, cannot be doubted. The advancing specialization of 
metabolism in different organs and cells is probably closely con- 
nected with the fact that these parts produce different structural 
elements, either in consequence of an original specification or 
in consequence of different correlative or external conditions which 
induce specification. . 

If we accept this view of the relation between function and 
structure in the organism, we must give up the idea of a definite 
‘living’ substance in the chemical sense, and the basis of life 
becomes, not a specific substance, but a series of reactions ina 
field or medium of a certain complex constitution, which is itself 
the product of past reactions. We can agree with Driesch (01, 
p. 140), as regards the absence of aspecific living substance, though 
we cannot follow him in his further conclusions along this line. 
The life process has become individualized, not because of entele- 
chy, but because it forms its own field or medium of action, as the 
river forms its channel, particularly in the later stages of its course, 
where deposition exceeds erosion. To put the matter briefly, 
life as we know it consists not in metabolism alone nor in a speci- 
fic substance or structure alone, but in the physiological correla- 
tion of processes in a structural medium or substratum of a cer- 
tain constitution, which makes possible localization and correla- 
tion of processes. . 

It is then the existing relation between the processes and the 
structural substratum, the mutual interaction and dependence of 
both, that forms the basis for the phenomena of regulation or 
equilibration which occur in the organism. 
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2. Physiological correlation and the physiological system or 
indiwidual 


Organisms in general appear in the form of more or less sharply 
defined physiological systems or individuals and in the more com- 
plex organisms we can distinguish systems or individuals of vari- 
ous kind and degree. What is the basis of this unity? 

The experimental investigation of organisms has led those 
who are not yet ready to accept vitalistic hypotheses to the con- 
clusion that two factors are chiefly involved in the formation of a 
living system or individual, viz. constitution and physiological 
correlation. In its grosser aspects the first of these is the morpho- 
logical, the second the physiological factor. Most of us believe, 
however, that the morphological features of organisms are 
essentially visible expressions of dynamic processes past or pres- 
ent and that sooner or later we must interpret constitution in 
dynamic terms. The factor of physiological correlation in the 
organism is essentially the problem of physiology, forin the final 
analysis function is impossible without such correlation. 

Wherever in the universe unity can be recognized, there some 
sort and some degree of correlation must exist, either conceptually 
or as a datum of nature, between the elements which compose the 
unit, and vice versa, wherever correlation between conceptual or 
phenomenal elements is recognized or established, there a unity 
of some sort and some degree exists. On the other hand, the char- 
acter of the unity is determined by the nature or constitution, 
however this may have arisen, of its elements. 

There is at present no adequate ground for believing that organ- 
isms differ from other phenomena in these respects. We cannot 
conceive an organic individual without correlation of some sort 
between the parts which compose it, nor can we conceive it with- 
out elements or parts of a certain more or less characteristic con- 
stitution. 

The development of morphology and its separation from other 
fieldsof biology during the latter half of the nineteenth century has 
led, particularly in the field of zodlogy, to the consideration of the 
problem of constitution apart from that of correlation. But the 
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introduction of the experimental method into zodlogy has already 
demonstrated the limited scope and value of pure morphology 
for the interpretation of life. In the organism as we find it, the 
two factors, constitution and correlation are mutually determining. 
We cannot alter the constitution without altering the correlation 
of parts, neither can we alter correlation without changing con- 
stitution to a greater or less extent. The cases of so-called self- 
differentiation constitute no real exception to this statement,' 
which has the value and significance of a law of nature. Morphol- 
ogy and physiology are inseparable except analytically and their 
artificial separation can lead only to the formulation of many 
pseudo-problems and to uncertain or false conclusions and hypo- 
theses. 

In so far as the organism is a physiological, 7. e., a physico- 
chemical individual or unity, in so far must physiological correla- 
tion exist between its parts in the form of actual physical and chem- 
ical processes, conditions and substances. Until it is proven by the 
profoundest investigation and the strictest analysis that physiolog- 
ical correlation does not suffice to account for the organic indi- 
vidual, there is no need of turning to the vitalistic hypotheses for 
an interpretation. 

Indeed our knowledge of physiological correlation is in its 
earliest stages. One need only refer to the work on the conduction 
of stimuli in plants and through protoplasm in general and to the 
investigations of recent years on the thyreoid, the adrenals, the 
reproductive organs, the pancreas, etc., as organs of chemical 
correlation and to the work on hormones, to become aware of the 
advances in knowledge along this line within the last few years. 
At present we are willing to believe, in fact we find it difficult 
not to believe, that every metabolically active organ in the body 
is an organ of chemical correlation. And we also know that many 


1 As Roux (’95, p. 822 etc.) has pointed out development depends primarily 
upon correlation and absolute self-differentiation cannot occur. In cases where 
’ parts differentiate in a relatively high degree of independence from each other, we 
must believe, and in some cases, e.g., the nemertean egg, we know that this condi- 
tion is preceded by, and is the result of an earlier condition in which the parts are 
in much closer correlation. 
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of these correlative factors show a high degree of specificity. 
Moreover, the chemical factors are by no means the only factors 
in correlation: mechanical and other physical factors also play a 
part. And finally, the experimental investigations themselves 
have demonstrated the importance of physiological correlation 
in morphogenesis. 

In short, there is at present every reason to believe that the 
existence and continuity in time and space of organic individuality 
are essentially dependent upon physiological correlation, 7.e., upon 
processes and conditions which are accessible to scientific seat: 
gation and analysis. 


3. The basis and nature of physiological correlation 


That physiological correlation is in general dependent upon the 
physical and chemical processes and conditions in the various 
parts which make up the individual cannot be doubted. These in 
‘turn are dependent upon the constitution of the parts, which itself 
depends in part upon preéxisting correlation and to a greater or 
less extent upon conditions and processes in the extra-individual 
environment. At every step in our consideration we recognize 
the mutual interdependence of constitution and correlation. 

But if we consider the organic individual only as it exists at 
the preseat time, then we may say that the existing physiological 
correlation between parts is dependent upon the conditions and 
processes in the parts, however these may have been brought 
about. 

In general we can recognize at present three main groups of 
correlative factors: first, mechanical or mass correlation (Roux, 
95, IL, p. 240), which results merely from the existence of mass 
without respect to constitution; second, substantial or material 
correlation, which consists in the actual transference or transpor- 
tation of substance possessing a certain physical or chemical con- 
stitution, e. g., chemical correlation; and third, dynamic correla- 
tion, of which the essential feature is the transmission of energy 
rather than the actual transportation of material over any appre- 
ciable distance. None of these forms of correlation can be sharply 
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separated from the others in the final analysis, but in its extreme 
forms each type is readily distinguishable. 

The physiological correlative effect of a part upon others is 
then the result of all that that part is and has been in the past, of 
its physical and chemical constitution, its position, its relation to 
external factors and of the changes which are occurring in it. It 
is apparent that there exists in physiological correlation the possi- 
bility of an almost infinite variety and specificity. Driesch (09) 
has recently maintained that the specificity of the ‘Restitutions- 
reiz’ together with the specificity of the reaction to it constitute’ 
an ‘Individualitit der Zuordnung’ which is inexplicable on a 
physico-chemical basis and which therefore constitutes a new and 
independent ‘proof’? of the ‘Autonomie der Lebensvorgiinge.’ 
Comment seems scarcely necessary. One sees here merely an 
assertion, a jump at conclusions, but n0 proof, where proof of 
the most convincing character is absolutely essential. If vitalism 
can present no more convincing arguments than this its future 
prospects in science are not bright. 


THE NATURE OF REGULATION 
1. Organic or physiological equilibrium and equilibration 


One of the most characteristic features of organisms is,as Roux 
(95, I, pp. 145, 154, 392, etc.) has said, their continued existence 
as individuals, their ‘Dauerfihigkeit’ amid changing internal and 
external conditions. On the other hand this ‘Dauerfahigkeit’ 
is only relative, not absolute, 7. e., itis limited. The organism is 
constantly changing, and-so far as our knowledge goes, never twice 
the same, yet the continuity of individuality is obvious. 

Nevertheless the continuity of the existence of individuality 
must not be emphasized to the exclusion of the fact that under 
certain conditions this individuality may disappear, at least in the 
simpler organisms, and be replaced by other individualities in 
larger or smaller number. Certain factors concerned in this physi- 
ological disintegration will be discussed below, but for the pres- 
ent we are concerned with the individual, the system as we see it 
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in the organism or part which constitutes a unity distinct to a 
certain extent from others. 

When we investigate the processes in the organism, we find that 
they are very intimately connected with one another: a change in 
one conditions changes in others. Moreover, and this is an impor- 
tant point, the physiological specification of different parts is not 
in most cases absolute. In the highest, most complex forms abso- 
lute specification is doubtless approximated more or less closely 
in certain organs, but in general we find that the processes in differ- 
ent parts of the organism are not fixed in character. The character- 
istic series of reactions in a part does not represent the only pos- 
sible series, but rather the particular series determined by a par- 
ticular complex of conditions. A certain process may occur at one 
time in a certain part, at another time in others. In short there 
is more or less possibility of substitution among the different 
parts. 

Let us suppose, for example, that a certain correlative factor x 
originates in a certain part. Under certain conditions this factor 
may influence various other parts,a b c—n,of whichone, a,let us 
say, reacts with greater speed or intensity than others. The 
reaction of this part may itself produce new correlative factors and 
so alter conditions in the others that their reactions are changed. 
But if we suppose that the receptivity of the part a to the cor- 
relative factor x 1s decreased, or that the part a is itself removed or 
rendered incapable of reaction, then the reactions of a b—n or 
of some of them are not altered or prevented by the effect of the 
reaction of a, and these parts may take the place of a in the sys- 
tem, though perhaps at first reacting more slowly or less intensely 
than a, until their constitution has become altered by repeated 
or continued reactions. 

Through such a series of reactions the individuality of the organ- 
ism is maintained, or restored, even though it may have lost a part. 
We see exactly such reactions in various organisms, and we can 
devise physico-chemical systems which show similar correlation 
between parts and a similar method of maintenance or restora- 
tion of something approaching the preéxisting condition. In the 
system which we devise such processes are processes of equili- 
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bration. We find that the system is capable within certain limits 
of attaining or approaching a condition of equilibrium after a 
disturbance of a previously existing equilibrium. 

And again in the law of mass action and the general principles of 
chemical equilibrium, together with what we know of katalysis, we 
have the possibility of accounting for a great variety of processes 
of equilibration in the organism. Until we have exhausted these 
and other physico-chemical possibilities and found them inade- 
quate, we have no adequate reason for oelieving that organic indi- 
viduality and its maintenance are anything unique. 

The fact that physiological correlation exists between different 
parts of an organism must necessarily determine a certain relation, 
a certain proportionality in the activities of the different parts. 
It is this relation, this proportion in activity determined by corre- 
lation which constitutes what we call organic or physiological 
equilibrium in the organism. This equilibrium is dynamic, not 
static, it is an equilibrium of processes, not of masses and it must 
be dependent either upon physiological correlation, or upoa some- 
thing else which controls the supply of energy to this or that part 
in very much the way in which the man in charge controls the 
workings of a complex machine, e. g., asteam-shovel, turning the 
steam into this or that cylinder as required for the harmonious 
working of the whole. Driesch’s entelechy is comparable to the 
man in charge of the engine. 

But it is not the mere existence of an organic equilibrium which 
constitutes the real problem; it is the apparent power of adjust- 
ment, of equilibration, the harmony of actionof the parts, as in the 
engine, which has been regarded as the strongest argument for 
vitalism. How, the vitalist asks, is it conceivable that a machine 
with such capacity of adjustment, of equilibration as the organism, 
which can even repair itself, can be constructed and continue to 
exist and work unless there is something comparable to the man in 
charge concerned in these processes. 

As a matter of fact this question is based on a wrong conception 
of the organism. The organism as we see it, 7. e., morphologically, 
is not the machine whose action constitutes life, but rather simply 
a part of the products of that machine, which accumulate during 
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its action andasthey accumulate, alter and determine the character 
of its activity. In other words, as the products are formed they 
becomea part of the machine. Starting with the egg, the organism 
is not, as Driesch asserts that it must be according to the ‘machine 
theory,’ a machine developed for function (Driesch, ’05, p. 790), 
but rather a machine developed by function. The result at any 
stage represents morphologically the products of a preéxisting 
machine and physiologically the action of the machine as altered 
from the preceding stage by the products of its own activity. 
Each stage of development is the result of the machine plus the 
product of the preceding stage. Our experiments have shown 
that physiological correlation, not predetermined harmony is the 
basis of development, and that where a predetermined harmony 
appears to exist it is certainly in some cases, probably in others, 
the result of an earlier condition of correlation. 

On the basis of this conception of the organism it is inconceiva- 
ble that processes of adjustment of the parts to each other, 7. e., 
processes of equilibration, should not occur, both in development 
in nature and under experimental conditions. The parts are what 
they are, not simply because of their original constitution, but 
because they have been acting in correlation with each other. 
From the moment the organic machine began to work in the first 
organism ‘adjustment’ of the parts to each other began aad it has 
continued ever since. Could we but read it completely, every 
part is a record, an epitome, more or less complete according to 
circumstances, of what has been going on, not merely in itself, 
but in the whole organism. Moreover, in different parts this 
record is written in different characters, in different languages, 
according to the constitution of the part. 

The distinction which Roux makes between the formative and 
the functional periods of development (Roux, 795, II, p. 281), is, 
according to this view, not fundamental in character. The for- 
mative period is functional and the functional period is formative. 
But this distinction is based upon the fact that at a certain more or 
less sharply defined stage of development the accumulated products 
of the activity of the machine begin to play a more or less definite 
role in its further physical and chemical activity. The adult 
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organism is not then to be compared with a machine constructed 
of certain definite parts, which have been put together in some 
way, and which, after completed construction, begin to function. 
It is much more nearly comparable to a river, which molds its 
banks and bottom, forming here a bar, there an islaad, here a 
bay, there a point of land, but still flowing on, though its course, 
its speed, its depth, the character of the substances which it: 
carries in suspension and in solution allare altered by the structural 
conditions which it has built up by its own past activity. In 
such a system a wide range of equilibration exists and we see both 
the adjustment of function to form and of form to function. The 
relation between structure and function in the organism is similar 
in character to the relation between the river as an energetic proc- 
ess and its banks and channel. From the moment that the river 
began to flow it began to produce structural configurations in its 
environment, the products of its activity accumulated in certain 
places and modified its flow, but just so long as the flow continues 
the process of equilibration goes on.? 

If we consider merely a certain region of the river with the water 
containing certain substances in suspension and in solution enter- 
ing at one end, depositing some of these substances and taking up 
others as conditions determine in the course of its passage, and 
finally passing out at the other end bearing certain substances 
more or less different from those which it brought in, the analogy 
becomes even more complete. In fact this region of the river, 
together with its bed, shows a real, though chiefly a mechanical 
rather than a chemical metabolism. 

I believe that this comparison between a river with its channel 
and the organism is far more thanafanciful analogy. Theindivid- 
dualorganismismerely a section from that current of energy which 
constitutes the essence of life, and in the individual we see the 
mutual correlation and interaction between the current and the 
conditions under whichit findsitself, between the energetic process 


2 Rignano (’07) has referred briefly to this analogy between the river and the 
organism, using the case of a river equilibrating itself in connection with the piers 
of a bridge to illustrate the process of equilibration in organisms. See also 
Delage, L’ Heredité, ete., 1903. 
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and the structural features which its activity has produced. Asthe 
banks and the channel are ‘adjusted’ to the activity of the current, 
and the current to the morphological characteristics of the banks 
and bed, so, and in no otherwise are structure and function in the 
organism, correlated with each other. It is absolutely inconceiva- 
ble that ‘adjustment,’ equilibration should not occur. So long 
- as the current flows, equilibration must take place in one way or 
another. ; 

The organism has often been compared to a flame. Roux par- 
ticularly has carried out this comparison in detail (Roux, 05, p. 
109, et seq.). Although this analogy contains much that is valua- 
ble and on the chemical side is much closer than that of the river, 
yet on the other hand the morphological features of the river are 
more nearly comparable to those of the organism, {n their locali- 
zation, their often complex structure and their modifying effect 
upon the activity of the current. For these reasons I have chosen 
the river rather than the flame as a physico-chemical system with 
which the organism may be compared. 

When we take the view of the organism suggested above, I 
believe that Driesch’s first two proofs of the autonomy of vital 
processes (Driesch, ’03, p. 74, ete. Cf. also p. 197 below) appear in 
their proper light. They apply only to the morphological con- 
ception of the organism as a machine constructed for function, 
2. e., to the banks and channel without the river. In the organism 
the current is working from the beginning, the organism is func- 
tioning in one way or another, and the real machine is the process, 
the function, plus the existing structure which past processes have 
produced, just as in the case of the river the real machine is the 
current plus the banks and channel. The process of development 
in the organism is comparable, not to the digging of a channel into 
which, after its completion, the water is turned, but to the forma- 
tion of a channel with certain characteristics determined by a 
variety of conditions, by the activity of the current itself. From 
the moment the current begins to flow, structure and function 
become mutually interdependent and mutually determining, 
but there can be no river-structure without the current. Machines 
like the steam engine, constructed by man and considered without 
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their motive power, are comparable rather to the dead than to the 
living organism. They are merely the conditions under which the 
energy acts, but the living organism consists from the beginning 
of these conditions plus the energy. Development is not com- 
parable to the construction of such a machine by man, but rather 
to its action after the steam is turned on. Every steam engine 
possesses a certain power of equilibration dependent upon its 
constitution, and the only reason its powers in this direction are so 
narrowly limited is because the energy current and the structure 
have not been working together from the beginning. 

The only possible basis for a scientific, as opposed to a philo- 
sophical vitalistic hypothesis is the proof that the energy of or- 
ganic life is something essentially different from the energy of the 
physico- chemical world. When the vitalists shall succeed in prov- 
ing this or even in making it probable, then their views will be given 
more general consideration. But even the most extreme among 
this school at the present day do not attempt such proof. If 
we admit that the energy of the organism is not different from that 
in the physico-chemical world, then I believe we are forced to 
regard the organism as a physico-chemical system, for as I have 
shown above, physico-chemical systems exist in which the relation 
between structure and function, between the conditions of action 
and the energy itself, are of the same character as in the organism 
itself and give rise to a power of equilibration of the same character. 


2. Regulation as equilibration 


From what has been said it will be at once apparent that the proc- 
esses which we commonly call regulatory are processes of equili- 
bration in the organism (Holmes, ’04, ’07, Child, ’06, 08a). They 
enable the organism to persist and to maintain its individuality 
under changing conditions, although it cannot be supposed that 
the condition of dynamic equilibrium is the same for different con- 
ditions, and indeed we have evidence that it is not. But within 
certain limits, and for certain factors, the organism is capable of 
a greater or less degree of equilibration, when a change in external 
conditions occurs. 
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The question at once arises as to whether all processes of equili- 
bration are to be regarded as regulations, or only certain of them. 
By zodlogists the term ‘regulation’ has been applied mostly to 
processes occurring under experimental conditions outside the 
usual range of conditions in nature and the regulations of formand 
structure have been the chief, though not the only objects of inves- 
tigation. Jennings (’06) has used the term with reference to 
phenomena of behavior which are characteristic features of life and 
not of abnormal or pathological conditions. Among the physiolo- 
gists also we find the term often used as referring to various 
changes in metabolism and reactions of different kinds in response 
to conditions to which every individual is subjected repeatedly. 

If we define regulation as a return or approach to a condition of 
dynamic equilibrium in a living organism after a previously exist- 
ing condition has been disturbed by some external factor (Child,’06), 
we shall include all the above phenomena as well as many others. 
According to this definition, the simplest reflex as well as the 
restoration of a missing part is a regulation, the simplest correla- 
tive compensation in metabolism, as well as the development of 
a whole from an isolated blastomere of an egg. 

Moreover, when a complex part of an organism undergoes an 
equilibrating change in reaction in response to altered correlation 
with another part or other parts, a regulation occurs as truly as 
when the whole organism responds to some change in conditions 
outside of it. In short, regulations are equilibrating reactions to 
changes external to the reacting system, whether this system be a 
part or a whole of an organism. 

And finally, regulation is not limited to the return or approach 
to the preéxisting condition, but may be an approach to a condi- 
tion very different from that, 7.e., the organism or the part may 
become something more or less widely different from what. it 
was originally. In every case of regeneration of lost parts some of 
the cells become something different from what they were before 
the part was removed, and their change is a reaction to altered 
conditions and specifically to altered correlation. 

But that the regulatory process is always and necessarily of 
advantage to the organism does not follow from the definition. 
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So far as it enables the organism to persist, it may be of advantage, 
and I see no escape from Roux’s argument (Roux, 795, I, p. 145, 
154, etc.),that systems possessing such reactions will persist longer 
than others. But not all regulatory processes are of advantage 
to the organism and many of them, e. g., the so-called axial heter- 
morphoses, lead to its destruction or its disruption, but they are 
no less regulations because of this result. 

According to Driesch (’01, p. 92), ‘‘ Regulation ist ein am leben- 
den Organismus geschender Vorgang oder die Anderung eines sol- 
chen Vorgangs, durch welchen oder durch welche eine irgendwie 
gesetzte Stdrung seines vorher bestandenen ‘normalen’ Zustands 
ganz oder teilweise, direkt oder indirekt, kompensirt und so der 
‘normale’ Zustand oder wenigstens eine Annadherung an ihn wie- 
der herbeigefithrt wird.” 

If we accept this definition, then the processes which do not 
constitute a return or approach to the previously existing ‘normal’ 
condition are not regulations. This normal condition is nothing 
but the condition which corresponds to a certain complex of exter- 
nal factors or to changes within certain limits. Under changed 
conditions a new equilibrium, not the old, is established. In 
short, if we accept such a definition, we not only exclude many 
processes which are as truly regulatory as any, but we are forced 
to assume the existence of an entelechy or other similar principle 
to account for the ‘normal’ condition and its maintenance. 

Regulatory processes are determined in character and direction 
by the nature of the organism, on the one hand, and the nature and 
amount of the external change, on the other. Under the given 
conditions, the organism or part is capable of doing only the one 
thing; under other conditions, or with a different constitution, the 
regulation may occur in a different manner and may often lead 
toa different result. In Planaria, for example, the course and result 
of regulation differ according to the size of the piece, the region 
of the body from which it is taken, the temperature, the nutritive 
conditions and other factors. To say that the pieces always 
produce a whole under all these conditions means but little, for 
the wholes which they produce are not alike. In plants the charac- 
ter of the external change often plays a very large part in deter- 
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mining the character of the regulatory processes. In many 
cases, however, in both plants and animals, the action of the exter- 
nal factor is so indeterminate, or the external conditions are so 
complex that equilibration may occur in various ways under what 
seem to be, but are not actually similar conditions. Thus, as 
Jennings has pointed out, in the regulation of behavior the dis- 
turbance, the stimulus, may merely bring about reactions of an 
indeterminate character, which sooner or later, in one way or 
another lead to equilibration. Evidently then the relation between 
the character of the external change and the character of the regu- 
latory process differs very widely in different cases. 

The initiating factor in regulation is the external change, the 
disturbance of the preéxisting condition. This change brings about 
changes within the organism or the part and these in turn lead to 
changes in the correlative factors, and so to equilibration or to 
disruption and death, in case the external change is such that 
equilibration of the system as a whole is impossible. But so long 
as the energetic processes of life continue in the system, equilibra- 
tion of some sort must occur. To return to the analogy of the 
river, so long as the water flows, equilibration of some sort occurs, 
whatever the changes and whatever the obstacles. The river may 
alter its course, it may transform its banks and its channel! so that 
they bear little or no resemblance to those existing before the 
change, it may divide into a number of streams, each of which 
pursues its own course, according to the conditions under which it 
finds itself, and builds up its own structural characteristics. 
In all cases, however, unless the conditions are such as to stop the 
flow of the water, equilibration takes place in some manner. 

The range of regulatory capacity in the organism represents then 
merely the range of possibilities within which the flow of the cur- 
rent of energy which constitutes metabolism and which is the 
essential feature of life, is possible. Within these limits it is abso- 
lutely inconceivable that regulation or equilibration should not 
occur. The nature of the process depends upon the nature of the 
organism and the conditions which it meets. 

Equally inconceivable is the occurrence of regulation as a 
process of life under conditions which stop the metabolic current. 


192 Cc. M. CHILD 


Organisms which meet such conditions are simply eliminated. 
The survival and elimination of organisms is determined primarily, 
not by their morphological characteristics, but by their capacity 
for regulation of one kind or another under the conditions in 
which they find themselves. To attempt to understand the course 
of evolution from morphological characteristics alone can only 
lead to confusion and failure. Only a knowledge of the nature of 
the metabolic current in organisms and the possibilities of its 
equilibration under different conditions can lead to a theoryof 
evolution and heredity which will stand. 

For example, the evolution of animals and plants, like every 
other evolution, is based primarily upon differences in the meta- 
bolic processes. These undoubtedly originated as regulations and 
as soon as they had arisen, gave different possibilities ot further 
regulation: in the course of the realization of these different possi- 
bilities in accordance with the conditionsof existence, animals and 
plants with their different morphological characteristics have 
arisen. In each case the visible structure represents merely a 
partial record of the realized possibilities. All the structural 
‘adaptations’ in both animals and plants are based upon the proc- 
esses of equilibration of the energy current and must sooner or 
later be expressed in terms of this current and its environment. 
They are not the primary and essential features of the organisms, 
they give us merely an outline, a diagram of the most character- 
istic activities of the energy current. As the banks and channel 
of the river, even after the water has ceased to flow, enable us to 
gain some conception, though a very incomplete one, of what the 
river has done in the past, so the structure of the organism is 
merely a rough sketch of what the current of life has done in the 
way of deposition, arrangement and removal of materials along 
its course. Many of the past activities of the current are not dis- 
tinguishable in the structure because their effects were slight or 
transitory, or because they have been masked or altered by later 
activity of a different character. As the river in some process of 
equilibration, e.g., in a flood, a period of increased energy, may 
sweep away many of the records of its previous activity, so the 
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organism, in a period of increased metabolism may remove the 
structural evidences of past metabolism. 

In the present state of our knowledge we should think it absurd 
to attempt to account for the configuration of the banks and bed 
of the river without taking into account the action of the current. 
It would remain a miracle, which we could ascribe to the caprice 
or other quality of a personal creator, or to some other mysterious 
natural force. In the same way, when we attempt to interpret the 
structure of organisms without direct reference at every step to the 
current of energy of which the structure is evidence, we must neces-’ 
sarily go astray or end in confusion or in the most bizarre hypothe- 
ses. We can do as Driesch has done and shift the burden to the 
shoulders of entelechy, to which we can ascribe such qualities as 
may please us. Or we can speak of biophores and determinants, 
pangens, or whatever we please to call them, or we may pin our 
faith to the visible chromosomes, but these are nothing but 
creators of a type which appeals to certain minds. 

On the other hand, when we take as ourstarting point the process 
of metabolism, we are proceeding as the physiographer has learned 
to proceed in his study of rivers. As we learn how metabolism 
produces structure we shall be able more and more completely to 
interpret the nature and the past history of the organism from its 
structure, but at every step we must return to the process, the 
current, in order to understand, and we can never hope to under- 
stand all through structure, simply because structure is an incom- 
plete record. Life is first of all an energy process, a flowing current. 
All that is relatively stable, all that persists as visible form and 
structure, represents merely some past action of the current 
occurring under certain conditions. Almostsixty years ago Huxley 
said concerning the cells: ‘‘They are no more the producers of the 
vital phenomena than the shells scattered along the sea-beach are 
the instruments by which the gravitative force of the moon acts 
upon the ocean. Like these, the cells mark only where the vital’ 
tides have been, and how they have acted.’’* And even yet the 
truth of these words is not recognized as it should be by biologists. 


* British and Foreign Medico-chirurgical Review, vol. 12, p. 314, Oct. 1853. 
Cited from Whitman, the inadequacy of the cell-theory, Jour. Morph., vol. 8, 1893. 
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Only when we take into consideration the motive power and 
the method of its action under the given conditions, can we hope 
really to advance in our knowledge of how things come to be as 
they are in the organism, or to determine and predict what they 
shall be. Man has attained his present position by acquiring 
knowledge and control of energy in nature. Can he hope to ad- 
vance in his insight into the problems and his control of the proc- 
esses of life in any other way? 

According to this point of view, life, like every other continu- 
ous energetic process, is essentially a series of equilibrations, of 
regulations. When regulation shall cease, evolution and li‘e will 
also cease. The power of regulation in organisms is nothing uni- 
que, but is something which they possess in common with all 
energetic processes in nature,which continue for any appreciable 
time. In fact, strictly speaking, all energetic processes in nature 
are equilibrations. 

As was suggested above, the range of regulatory capacity in 
organisms is undoubtedly due in large measure to the fact that 
the process of metabolism produces certain colloid substances, 
among which the proteids and lipoids are the most characteristic. 
With the first proteid synthesis under certain conditions in nature 
the processes of regulation of the type which we find in organisms 
began. Perhaps we may say that life began here also. The reaction 
which was concerned in the first synthesis must of course have 
preceded the completed synthesis, but as water apart from the 
channel which it forms for itself in its environment is not a river, so 
a given chemical reaction, or a series of reactions, apart from the 
conditions which it produces where it takes place, is not life. We 
may say if we please that life began as a chemical reaction, but we 
must recognize the fact that the occurrence of that reaction pro- 
duced certain characteristic conditions, which played a part in 
determining the course and character of further reactions: in short, 
the reaction determined the existence of structure and the mu- 
tual interrelations between structure and function: and finally, 
with the existence of structure of colloid nature, the possibility 
of regulation of the organic type also appeared, and regulation 
began. 
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My purpose in laying special emphasis upon the point that regu- 
lation is an essential characteristic of life and that life must cease 
when regulation ceases, is merely to show that the extreme forms 
of regulation, which occur under experimental or accidental con- 
ditions, are in no way different from the processes of life apart 
from experimental or accidental interference. The capacity for 
regulation is not something secondary or something acquired in 
the course of evolution, but it is as inseparable from life itself as 
the power of equilibration from the flow of the river. Notonly life 
but the universe is an unceasing series of regulations. Every 
experimental investigation performed with living organisms is, 
so far as it does not lead to the death of the organism, an investiga- 
tion of organic regulation, and death itself is an equilibration, 
though of another type. 

To set the regulations off as a special category of phenomena, 
occurring only in organisms and of secondary or incidental signi- 
ficance in these, must of necessity lead to conclusions of the same 
character and value as those which would be reached by one who 
should attempt to investigate the phenomena of equilibration in 
the river, without considering the flow or the resistance of its 
banks and bed. Such a one would doubtless marvel at the won- 
derful harmony of action displayed by the simultaneous disap- 
pearance of a part of the bank and the encroachment of the water 
upon it, or by the appearance of an island and the division of the 
river into two channels. He would doubtless call attention to the 
remarkable fact that both the channel and the river were narrow 
and deep at some points and broad and shallow at others. He 
might wonder why stones moved along where the bed was steep 
and only fine particles where it was nearly horizontal. If he were 
of an investigating turn of mind, he might throw stones into the 
river and observe the consequences, or he might dig a ditch and 
turn part of the water into it. Thus he would observe further 
remarkable harmonies of action. If he were inclined to look for 
causes, he would probably conclude that the complex of phenom- 
ena was determined and controlled by some mysterious being 
or principle, which, judging from his own ability to bring about 
harmony of action between different things in his world, he would 
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conceive to be more or less like himself, though greater, more per- 
fect and more powerful. Doubtless also he would give it a name. 

But when once the idea of the flow of the river as a motive power 
has entered his mind, his whole attitude toward what he has seen 
is altered. He sees that it is the current which carries partic.es 
away from the bank or stones and mud along the channel. On 
the other hand he sees that the banks confine the river, that the 
island, which it has formed divides it, that it accommodates its 
form to the ditch which he has dug and at the same time begins 
to change it. He begins to realize that the remarkable harmonies 
which he has observed are the result, on the one hand, of the flow 
of the river, 2. e., in 1 further analysis, of the characteristics of 
water, and on the other, of the nature of its banks and bed. He 
will also realize in time, that just as long as the flow continues 
these harmonies of action will continue to occur. Then he may 
begin to investigate the characteristics of currents and of water in 
general, and later we find him devising water-wheels, dams, pumps 
etc., 7.e., bringing about the most various harmonies of action 
between the flow of water and other phenomena. 

His conception of what he saw was at first more or less similar 
to that of the vitalist concerning organisms and all his investiga- 
tion could only end in speculation, which did not advance his real 
knowledge. But when he once began to realize the action of the 
current as an energetic and a constructive process, then he saw 
that the harmonies of action were only apparent, not real, be- 
cause he was dealing with mutually dependent phenomena 
rather than with those which were independent and predeter- 
mined. 

Driesch, for example has maintained in criticism of some of my 
own earlier statements, that development is for function (Driesch, 
95, p. 790) and the same view is apparent in his repeated compari- 
son of the organism to a machine constructed by man. This is as 
if our hypothetical man should maintain that because he could 
dig a ditch and turn water into it, therefore the channel of the 
river must have been constructed by some ‘entelechy,’ or other 
principle for the water, and then the water turned in. And more 
specifically, Driesch’s ‘proofs’ of the autonomy of vital proc- 
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esses,‘ which are based on the phenomena of regulation are not 
proofs at all, because the ‘machine’ which he has in mind is com- 
parable to the dead, rather than to tne living organism, to the 
river frozen solid, rather than to the river flowing. If we could 
separate a portion of this frozen river with its channel from the 
rest 1t would of course remain what it was, 7.e., a part, so longas it 
remained frozen. But if we divert any sufficient quantity of water 
from the flowing river it is capable of forming a whole which shows 
all the essential characteristics of the original river, though not 
identical with it. In short each flowing river, with its banks and 
bed is a ‘machine’ according to Driesch’s definition, ‘eine typische 
chemisch-physikalische Spezifititskombination”’ (Driesch, ’01, p. 
187), and it may become whole when parts are taken from it or 
when their relative position is changed; moreover, when it is 
divided, each part may form a whole essentially similar in its 
processes and structure to the original whole. The existence of 
such a ‘machine’ is therefore a sufficient refutation of these ‘proofs’ 
of Driesch’s. So long as the current flows such regulatory proc- 
esses are not only possible but necessary, when the conditions 
arise. Neither the organism nor the river ‘remain w ole’ when 
parts are taken from them, but they become new wholes, which 
under similar conditions, may become more or less like the original 
whole (Child, ’08b), but which under other conditions, may be 
different. 

Driesch’s error is two-fold: although his general definition of a 
‘machine’ is sufficiently broad, his argument in the ‘proofs’ is 
based only on a certain type of machine, viz., that constructed by 
man for function, a type which is wholly passive during its con- 


“A brief statement of the first two ‘proofs’ is as follows: 

‘“‘Erstens: Eine Maschine bleibt nicht dieselbe, wenn man ihr beliebige Teile 
nimmt oder ihre Teile beliebig verlagert; deshalb kann das sich auf Basis harmon- 
isch-iquipotentieller Systeme abspielende Formbildungsgeschehen kein maschi- 
nelles chemisch-physikalisches Geschehen sein. 

““Zweitens: Eine nach den drei Dimensionen typisch spezifisch verschiedene 
Maschine bleibt nicht ganz, wenn sie geteilt wird, deshalb liegt der Genese iquipo- 
tentieller Systeme mit komplexen Potenzen im Bereiche des Formbildungsges- 
chehen kein maschinelles chemisch-physikalisches Geschehen zu Grunde.”’ 
Driesch, ’03, p. 74.) 
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struction, rather than on a type in which, as in the organism, the 
structure at each stage is determined by the function and the 
structure in the preceding stage. The organism iscomparable not 
to the constructed ‘machine’ alone but to the machine plus the 
constructing activity, and since Driesch has confined his argument 
to the type of machine constructed by man for a definite purpose, 
he is very naturally and logically led to the assumption ofa 
constructor. His ‘proofs’ are equivalent to the argument that 
because a ditch built by man for a particular purpose and possess- 
ing a specific structure but containing no water does not remain 
whole or the same when we take away parts of its banks or bot- 
tom, therefore the river, as we see it in nature cannot be a physico- 
chemical system. 

Similarly in his consideration of the organism he has failed to 
take account of the constructive activity of the continuous flow 
of energy in a given environment. The organism is, he says, con- 
structed for function. His position is identical with that of our 
hypothetical man who concluded that the channel of the river 
must have been constructed for the water, and like him, Driesch 
has given his imagined constructor a name, or rather has adopted 
an old one for it, viz., entelechy. Most of us have concluded from 
our observations and experiments that the channel of the river is 
constructed by the activity of the current and we have some rather 
conclusive evidence upon that point. Before he can hope to see 
his views accepted, our man must actually prove or make it at 
least probable that this is not so. The burden of proof lies wholly 
upon him. And similarly, until Driesch can make it at least 
probable that the organism is constructed for and not by function, 
instead of merely assuming this to be the fact, he cannot expect. 
to find wide acceptance for his views. Nowhere in Driesch’s work 
do we find any convincing evidence upon this point: Driesch has 
simply chosen to assume that it is so. I am of course aware that 
Driesch regards entelechy as in constant connection with physico- 
chemical factors and as working with these as means. But I 
see no reason why, if we postulate an entelechy for the organism, 
we should not at least be consistent and postulate another for the 
river. 
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THE REGULATORY PROCESSES 


1. The relation between form regulation and functional 
regulation 


A distinction between regulations of form and regulations of 
function has very commonly been made. As might be expected 
from his conception of the organism, Driesch (’01) has attempted 
to draw the line very sharply. But if we adopt the point of view 
suggested above the distinction becomes apparent rather than 
real. First of all every regulation in organisms is primarily an 
energetic process and secondly, it occurs in a certain structure 
and must affect that structure to a greater or less extent. On the 
other hand, every change in structure must lead to a regulation 
of function. Structural and functional regulation are in fact insep- 
arable in organisms. If we go further and interpret structure in 
terms of the constructive energy, we may say that all regulations 
are essentially functional, 7. e., energetic. 

It is sufficiently evident from what has been said, that the flow 
of energy in the organism is essential for regulation, and that the 
structure must play a part in determining its character. It should 
be possible, therefore, to interpret the regulatory processes in 
terms of the energy current, 7. e., metabolism, and the preéxisting 
structure. To refer again to the analogy of the river, both the 
channel and the current are involved to a greater or less extent in 
each equilibration in the system. The distinetioa between form 
regulation and functional regulation is then in part conventional 
and connected with the separation of morphology and physiology 
from each other, and in part a matter of convenience, since some 
regulatory processes involve the visible structure to a much greater 
extent than others. As in the classification of other natural phe- 
nomena, we separate for convenience of thought or reference a 
graded series into anumber of (in this case two) different classes. 


2. The inducing conditions and the results 


As already noted, the first factor in regulation is a change of 
some sort in the external conditions affecting the system. In the 
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case of a part of an organism this change may be a change in 
physiological correlation resulting from changes in other parts, 
however produced. This change, external to the system concerned, 
produces an internal change of some sort in some part or parts, and 
this in turn alters the physiological correlation between the com- 
ponents of the system affected. So long as life continues, these 
correlative changes must result in equilibration in one way or 
another. The processes of equilibration may be very different in 
different cases: they may bring about sooner or later a return or 
approximation to the preéxisting condition—according to Driesch, 
this alone constitutes regulation and only when the preéxisting 
condition was the ‘normal’ condition. On the other hand, the 
correlative changes may result in the establishment of, or ap- 
proach to a condition of equilibrium more or less widely different 
from the preéxisting, and I believe that most, if not all regulations 
which we usually regard as an approach or return to the preéxist- 
ing condition actually represent an approach to a new equilibrium, 
often only slightly different from the old; it seems at least doubt- 
ful whether the organism ever really returns to a_ preéxisting 
condition in the strict sense. 

The new equilibrium may differ quantitatively or qualitatively 
from the old, or it may even result in the separation of the system 
into a larger or smaller number of systems, more or less completely 
isolated from each other. In all these cases, as the rate or character 
of the metabolic processes are changed, changes in structure as well 
as in function occur to a greater or less degree. The following 
suggestions for a classification of the regulatory processes are 
based primarily upon the metabolic processes concerned. 


3. <A provisional classification of the regulatory processes 


a. The two methods of regulation. It is evident that any really 
analytical classification which is based upon the conception of 
regulation sugg2sted above must take account, not merely of 
the visible features, but of the character of the different energetic 
processes, since regulation is, according to this view, essentially 
a complex of energetic processes in a substratum of a certain 
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constitution. Such a classification must also be available for both 
the so-called functional and form regulations, since every regula- 
tion probably involves both to some extent. 

Driesch’s classification of the regulations (Driesch, ’01, p. 95 
el seq.) is based upon a conception of regulation so widely differ- 
_ ent from the one developed in this paper that it does not assist us 
in distinguishing the processes involved.. From Driesch’s point 
of view, the physico-chemical processes in regulation are to a 
large extent of secondary importance and therefore cannot serve 
as a basis for classification. 

At present, however, we are practically unable to attain the 
proper basis for classification, since our knowledge of the processes 
involved is incomplete. Nevertheless we can distinguish with 
more or less certainty the resemblances and differences between 
different equilibria, and the following suggestions are based upon 
the character of the equilibria. 

We may distinguish two chief type of regulatory processes, 
first, quantitative equilibrations or compensations, and second, 
qualitative changes in equilibrium ortransformations. In compen- 
sation the rate or intensity of the processes, their continuation in 
time or their extension in space are concerned: in the transforma- 
tions their character as energetic processes, 7. e., the nature of the 
chemical reactions:and the physical changes. In the compensation 
the system remains much like that previously existing, as regards 
its character and the processes of equilibration are quantitative. 
In the transformations a new system, qualitatively different 
from that previously existing, arises as the result of equilibration. 

Most regulations, as they occur in nature aad experiment, involve 
both compensations and transformation in various degrees. This 
is especially true of the regulatory processes which follow the 
removal of a part. Here some parts of the organism undergo trans- 
formation in consequence of altered correlation, while compensa- 
tory processes of various kinds are evident, both in the increase 
in size of the new part and often also in a decrease in old parts. 

Moreover our use of these terms will depend upon the particular 
processes to which we have reference in a given case. The process 
of compensatory growth, for example, is highly complex in charac- 
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ter and consists in a variety of both compensatory and trans- 
formatory processes, but when an increment in all of these proc- 
esses occurs,.the change is quantitative in character and when it 
constitutes a process or part of a process of equilibration we are 
justified in calling it a compensation. 

It is of course evident that a classification of regulatory processes 
must finally become identical with the classification of processes 
occurring in the organism, for, as I have pointed out above, the 
regulations are not a peculiar form of organic activity ; they repre- 
sent merely the equilibrations resulting from the existence of physi- 
ological correlation between parts. But we shall probably always 
have occasion to refer to the organism, the system, as a whole 
undergoing equilibration or, relatively speaking, in equilibrium, 
consequeatly some means of distinguishing between the different 
methods of equilibration is useful. This is the chief significance 
which any classification of the regulations can possess. 

b. Regulatory compensation. Several different types of compen- 
sation can be distinguished, though they do not of course in most 
cases exist in nature or even in experiment apart from other 
processes. The following divisions under this head are suggested: 

Incremental compensation: The system shows an increment 
as compared with that previously existing. 

Decremental compensation: the system shows a decrement as 
compared with that previously existing. 

Reversional compensation: an increment or a decrement in 
some part of the system, induced by some external factor is 
correlatively more or less completely eliminated and the system 
approaches its previous condition. 

Alterative compensation: an increment or decrement in one 
part produces change in the opposite direction in another or in 
others, so that the proportional relations in the system differ from 
those previously existing. 

The first step in all compensations is of course a change in some 
part (a) induced by some factor external to the system. What 
particular form of compensation shall occur depends upon the 
degree of the change in the part and upon the character of the 
correlation existing betweea it and other parts (b,c, d—n). If for 
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example the part a dominates the other parts, or if the change 
in a is so great that the correlative factors resulting from it 
become dominant, then an increment in a may bring about an 
incremental compensation, a decrement in a a decremental com- 
pensation. On the other hand, if the parts b, c, d—n, or certain of 
them, dominate a, then they may inhibit or reverse the incremen- 
tal or decremental change in a and reversional compensation 
results. And finally, alterative compensations occur whenever 
changes in one part induce correlatively changes in the opposite 
direction in others. 

An incremental compensation occurs when increased metabo- 
lism and growth follow the ingestion of food, a decremental com- 
pensation, when decreased activity of a sense organ or a muscle 
induces a correlative decrease in activity and perhaps atrophy in 
parts with which it is connected, e. g., the center in the case of the 
sense organ, the tendon, or even the bone in the case of a muscle. 
In various temperature regulations in warm-blooded animals we 
have reversional compensations, and finally, in many cases of 
regeneration and probably also often in normal development, al- 
terative compensations occur, e. g., when increased growth of one 
part retards correlatively the growth of another or perhaps induces 
reduction in it. — 

The chemical substances which arise in the course of metabo- 
lism in certain parts very often produce compensations of various 
kinds in other parts. A good example is the correlative effect of 
increase in the carbon dioxide in the blood through the nervous 
system upon the rate of respiration. The recent work of Bayliss 
and Starling and others on ‘hormones’ gives us some insight into 
various other cases of compensation and other regulatory reactions ; 
the distribution of nutritive substances in the starving animal and 
under various other conditions also constitutes compensations of 
various kinds; the correlative changes in so-called functional 
structure are in many cases very characteristic compensations. 

Incidentally it may, be pointed out that the view of the relation 
between metabolism and structure suggested above affords a 
basis for interpretation to a certain extent of the processes of 
functional hypertrophy and atrophy from disuse. 
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We have seen that structure-formation of some sort, 7. e., the 
accumulation of relatively inactive substances in or about the cell 
is a characteristic feature of metabolism. The close relation be- 
tween the syntheses and the oxidation processes has been pointed 
out repeatedly by Loeb as well as by others. The structural 
substances, when once formed, play only a relatively small part in 
further metabolism, provided other more active substances, 7. é., 
nutritive materials, are at hand, and provided the general char- 
acter of metabolism is not changed. Any condition, e. g., the 
‘functional stimulus’ which leads to increased metabolic activity 
of the particular kind which constitutes what we call the special 
function of the cell or part leads, when nutritive material is pres- 
ent, to increased accumulation of the inactive substances and 
hypertrophy is the result. On the other hand, in the absence of the 
functional stimulus, or when its frequency or intensity is decreased, 
the use of nutritive material and the accumulation of structural 
substance do not occur or are less rapid, and the result is that 
below a certain level of functional activity the gradual breaking 
down of the accumulated substance, which is not immediately 
connected with the special functional activity of the part, exceeds 
the constructive processes and decrease in size and atrophy occur. 
The constructive processes continue only, or very largely, in 
connection with the functional stimulus and, for the addition of 
new structure nutritive material must be taken in from without, 
but this functional activity does not under these conditions, 
increase proportionally the rate of reéntrance of the structural 
substances into metabolism; in fact, if other more active sub- 
stances are present in sufficient quantity, the structural substances 
may be spared to a large extent. 

Hypertrophy and atrophy are then the result of two different 
kinds of processes, the one connected with the specialized function 
of the part in its relation to other parts, the other to a considerable 
degree independent of this except in starving animals. In its ‘fune- 
tional activity’ the part builds structure, but does not destroy it to 
so great an extent. The destructive process is largely independent 
of function and goes on more or less continuously. Whether hy- 
pertrophy or atrophy shall occur in a given case depends merely 
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on whether the one or the other of these processes is the more 
rapid. Hypertrophy is then in no sense a ‘regeneration in excess’ ; 
it is merely a direct result of increased metabolic reactions of the 
kind which constitute or accompany the ‘function’ of the part 
concerned. Nevertheless, it is without doubt a compensation. 
The occurrence of one series of metabolic reactions determines the 
occurrence of another series according to chemical laws; the one 
series furnishes energy, the other forms relatively inactive sub- 
stances, which persist as structure. Closely related to functional 
hypertrophy is the growth in size of regenerating parts after their 
formation: here the ‘fuactional stimulus’ is the quantitative 
factor in the correlative influences from other parts. This factor 
induces a certain rate or frequency of reaction in the small new 
part, which leads to rapid accumulation of material, 7. e., to hyper- 
trophy (Child, ’06a, p. 407). But as the structural substance 
accumulates, the structure itself constitutes an obstacle to metab- 
olism (Child, *116) the rate of hypertrophy decreases and finally 
equilibrium is attained. 

c. Regulatory transformation. The character of many metabolic 
reactions 1s more or less definitely known, but the exact relation 
of the reactions to the production of a particular kind of visible 
structure is a much more difficult matter to determine. The 
visible characteristics of organic structure are by no means ade- 
quate criteria of the character of the processes involved in its 
formation. We are not always justified in concluding from the 
differences in the visible appearance of structures that the proc- 
esses concerned in their formation are actually different in nature. 
Great differences in appearance may arise in the same colloid 
substance in consequence of differences in aggregate condition 
or phase. But when we find substances of different constitution 
in different cells or parts, it is evident that processes of different 
character were coacerned in their formation. Consequently we 
can often determine that a transformation has occurred by the 
change in the character of the structural substance. Many fea- 
tures of correlative differentiation, whether in ontogeny in nature 
or under experimental conditions are undoubtedly transforma- 
tions, e. g., the formation of a bud from a differentiated cell in 
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the plant, in consequence of the removal of other vegetative tips, 
the formation of a hydranth from cells of the stem of Tubularia, 
etc. 

The difficulty les in distinguishing qualitative from quantita- 
tive regulations. In living organisms the two are evidently very 
closely associated, and probably in every regulation which we 
can observe directly both are concerned. And in the final analy- 
sis the question of the relation between quality and quantity in 
general is involved, though this is scarcely a biological problem. 

As regards the further classification of the regulatory transfor- 
mations, I think that at present the most satisfactory basis for 
classification is the comparison of the new system with that exist- 
ing before regulation. The following division of this group of 
regulations is therefore suggested: 

Progressive transformation: the regulatory formation of a sys- 
tem possessing a greater degree of complexity, more varied locali- 
zation of structure and function and consequently more varied 
correlation than the system existing before regulation. 

Regressive transformation: the regulatory formation of a sys- 
tem of simpler character than the preéxisting. 

Transgressive transformation: the regulatory formation of a 
system which cannot be distinguished as more or less complex, 
but merely as different from the preéxisting. 

Suh a classification serves merely to suggest the various pos- 
sibilities. As our knowledge of the processes concerned in the 
changes of the organic system increases, the basis of classification 
will change. Without doubt many progressive transformations 
occur in normal development. The adult organism is certainly a 
more complex and qualitatively different system from the blas- 
tula, and we know that correlative factors have been concerned 
in the changes in many parts. A regressive transformation occurs 
when a part undergoes dedifferentiation in consequence of altered 
correlation, as in various cases where cells which give rise to new 
parts first lose their old differentiation. 

The group of transgressive transformations possesses little 
more than a conventional significance, since it is based upon 
difference from the normal which is essentially merely the usual 
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Very probably various ‘sports’ and mutations can be placed under 
this head, perhaps also certain of the neoplasms, more specific- 
ally the malignant tumors, though this is by no means certain. 

But whatever the categories which we may establish for the dif- 
ferent regulatory processes, the important point is that we should 
at least make the attempt to find a physico-chemical basis for our 
analysis. If we do this we cannot separate structure and function 
since both are merely different aspects of the same process-com- 
plex and are dependent upon and determine each other. Doubt- 
less we shall still find it convenient to speak of form regulation as 
distinguished from functional regulation, but we must remember 
that the distinction is not a real one and that every regulation in 
the organism is undoubtedly a regulation of both form and func- 
tion, of both structure and reactions. Furthermore, we must 
regard our experiments on regulation as means of analyzing the 
factors of the process. With the proper care in experiment we can 
do much toward determining the nature and action of various 
correlative factors in regulation, and every step in this direction is 
a step in advance in our knowledge of the system which constitutes 
the organism. 


THE NATURE OF RECONSTITUTION * 


1. Restitution or reconstitution ? 


When an organism ‘restores’ a missing part or in general when a 
part of an organism forms a whole, the process seems at first 
glance to be so obviously a restoration in which something re- 
moved is replaced, that the term ‘restitution’ has found very 
general favor. Although I have used this term to a large extent, 
it has always seemed inadequate, for the reason that the proc- 
ess is not simply one of restoration but something more. There 
is no case of so-called restitution known in which the changes 
following the removal of a part are limited to the formation of a 
new similar part. In every case changes of one kind or another, 
quantitative or qualitative, or both, occur in other parts, some- 
times limited chiefly to parts adjoining the part removed, some- 
times extending throughout the system. The removal of a part 
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brings about not simply its restitution, but an equilibration 
extending more or less widely, and strictly speaking, probably 
throughout the system. The system reconstitutes itself and the 
whole formed is different from the original quantitatively or 
qualitatively. The whole process is a complex of equilibrations, 
of compensations and transformations, resulting in that which 
we call a whole, but no two wholes are alike. 

If for example, we consider this process in a piece of the Plan- 
arian body, we find that it differs in rate and character according 
to size of the piece, region of the body from which it is taken, tem- 
perature and other factors which influence metabolism. The ani- 
mal formed as the result resembles the original in its general shape 
and activity, but it is far from being identical with it. It is usually 
smaller than the original, the pharynx may be in quite different 
position in the body, and the arrangement, number and form of the 
intestinal branches differs more or less widely, according to con- 
ditions. Moreover, under various conditions, various degrees 
and kinds of incompleteness appear. Some pieces develop only a 
single eye, or the eyes are partially fused or otherwise different 
from those in the original animal,some pieces develop no pharynx 
and no posterior end, others no head or-an ‘imperfect’ one, some 
develop the postpharyngeal intestinal branches more rapidly 
and more completely, others the prepharyngeal branches, some 
produce a larger, others a smaller head, some show niore ‘regen- 
eration,’ others more ‘redifferentiation’ and so on. If we place 
the different sorts of wholes under closely similar conditions and 
give them food they become more or less like each other because 
these conditions bring about further regulations but these regu- _ 
lations do not properly belong to the regulatory process which re- 
sulted from the isolation of the part, but are independent of it and 
are such as were occurring in the original animal during its life. It 
is probably not too much to say that no two pieces of the 
Planarian body attain the same condition in the process of regu- 
lation. When we say that because some or all of them produce 
wholes they are all potentially alike, we are simply assuming that 
all wholes must be alike, which is obviously untrue. As each piece 
is different at the start from the others, so it attains a different 
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result. Driesch’s assumption of ‘equipotentiality’ of different 
parts is shown by the facts themselves to be incorrect, and I 
believe that his ‘harmonious-equipotential systems’ do not exist 
in nature, as systems capable of development but only as ab- 
stractions of the human mind. 

For these reasons the term ‘restitution’ seems tome to carry with 
it implications which, when we analyze them, we cannot, in the 
light of the facts, accept. The piece does most certainly not 
restore what it lost: it reconstitutes itself into something more or 
less widely different from that of which it formed a part, and this 
something often possesses visible structural characteristics which 
we have come to regard as characteristic of a whole. Seeing these 
resemblances, we abstract from the differences and say that it is 
the same as that of which it formed a part. 

Closer examination shows us that even visibly it is not the same, 
but different; moreover, visible characteristics are not the sole 
criterion of resemblance and differencein organisms. The processes 
occurring are just as characteristic as the visible structure. I 
have shown elsewhere (Child, ’11b) that in Planaria the process 
of form regulation results in a rejuvenation, the pieces after 
undergoing regulation are physiologically younger than the ani- 
mals from which they were taken, and the degree of rejuvenation 
varies with the degree of reconstitutional change. Manifestly 
then these pieces are not the same after regulation as the wholes 
of which they formed parts. To say that they are is simply to 
deny the facts as they stand before us. 

In many cases, moreover, the pieces do not produce anything 
that can be called a whole. Pieces of Planaria may produce 
double heads or double tails, tailless heads orheadless forms. For 
those who with Driesch regard the formation of a ‘whole’ as the 
uniform result of so-called restitution, these cases are difficult to 
interpret. The process of regulation has apparently followed the 
wrong track, it has gone astray and so failed of the correct result. 
But when we take the position that the part, when isolated, under- 
goes a reconstitution, which differs in its results according to the 
existing conditions, internal and external, we see that these ‘abnor- 
malities’ differ from ‘normal’ results simply because different 
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conditions existed at the beginning or elsewhere in the course of 
the regulation, and in many cases we can determine what those 
conditions are. For example, pieces of Planaria which give rise to 
‘wholes’ at a certain temperature and under certain other conditions, 
can be made to produce headless forms or tailless heads, accord- 
ing to the region of the body from which they are taken, by sub- 
jecting them to lower temperatures, by starving the animals before 
beginning the experiment, by placing the pieces in dilute alcohol 
or ether, etc. Nothing has gone astray in these cases, there is no 
error, the same laws have been followed as when ‘wholes’ are pro- 
duced, different conditions simply lead to different results. Else- 
where (Child, ’10c) I have attempted to analyze some of the con- 
ditions which bring about so-called heteromorphosis in Tubu- 
laria and other forms, and have shown that they are similar in 
character to those which bring about asexual reproduction in 
nature. 

There are many cases in which the occurrence of reconstitution 
as opposed to restitution is so obvious that there can be no ques- 
tioning it. A piece from the body of Hydra, for example, does not 
restore the missing parts, but reconstitutes itself into an organism, 
smaller, simpler, possessing fewer tentacles and undoubtedly 
physiologically younger than the original animal. In Clavellina 
also, as Driesch himself has shown (Driesch, ’02), the isolated 
branchial region or a part of it does not replace the missing parts, 
but undergoes a process of reconstitution. In these cases the physi- 
ological effect upon the parts remaining of the removal of cer- 
tain parts is so great that these parts do not retain their original 
structure, and a dedifferentiation and redifferentiation occurs. 
But the effects so apparent in these cases are simply more extreme 
than in cases where only a small part isremoved. Przibram (’07) | 
has called attention to a number of cases which show very clearly 
that the removal of a part results, not in the restoration of the 
original, but in the establishment of a new equilibrium, differing 
more or less widely from that. 

It is obvious that the process of reconstitution is an equilibra- 
tion and just as obvious that it leads to different results under dif- 
ferent internal and external conditions. As different rivers differ 
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from each other,so may the results of reconstitution, even in differ- 
ent pieces of the same individual, differ from each other. More- 
over, as a certain amount of water does not, except under certain 
conditions, form a river, so does a piece of an organism reconstitute 
itself to a whole only under certain conditions. 


2. The initiating factor in reconstitution 


As Driesch has pointed out (Driesch, ’01), it is evident that 
reconstitution occurs as the result of the absence (‘Nichtmehr- 
vorhandensein’) of something. What is this something? Is it 
the structure, the form, or is it activity? In plants it is possible 
to bring about reconstitution, 7. e., the formation of new buds, roots, 
etc., by inhibiting the metabolic activity of the existing growing 
regions without their removal, e. g., by enclosing them in plaster or 
in an atmosphere of hydrogen, or even by applying anesthetics 
locally between them and the regions concerned. In another 
paper I have considered numerous cases of this sort and have dis- 
cussed their significance at length (Child, ’1la). These facts show 
very clearly that it is not the form or structure which is involved 
but a process, an activity, whose effect is transmitted insome way 
from one part to another. If we stop the metabolism of the one 
part for a time the effect on the other is the same as if the first 
part had been removed. These facts alone should be sufficient to 
prevent us from regarding form regulation as a process distinct 
from functional regulation. It is the absence of the effect of cer- 
tain processes in a certain part or in certain parts, which initiates 
reconstitution. In short, it is the absence or decrease below a cer- 
tain point of certain physiological correlative factors which were 
previously present, that initiates reconstitution. In the absence 
or decreased effectiveness of these correlative factors, the remain- 
ing parts, still being subjected to other correlative factors, which 
may themselves gradually change in consequence of the removal 
or decreased activity of the part, react ina manner different from 
their previous reactions, simply because they are under different 
physiological conditions. Reconstitution is then initiated by a 
change in physiological correlation. Recently Driesch (’09) has 
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expressed himself in somewhat similar terms, but he finds neverthe- 
less, as already noted above, that the ‘Individualitét der Zuord- 
nung’ between agent and effect cannot be accounted for on a 
physico-chemical basis and therefore regards it as a new ‘proof’ 
of the autonomy of vital processes. 


3. The process of equilibration in reconstitution 


The process of equilibration in reconstitution differs in many 
details in different cases, but it possesses certain more or less char- 
acteristic features, and it is desired to call attention briefly to 
some of these. The change in physiological correlation is the inter- 
nal factor which has disturbed the preéxisting condition, whatever 
that may have been. This change may or may not lead to equili- 
bration of the living organism. If the change be great, if the other 
parts possess but little capacity for altering their reactions, it 
may lead to death. On the other hand, it may lead to reconstitu- 
tion in various ways according to conditions. 

Let us consider first the case where a part is removed and is 
formed again without any great changes in other parts, e.g., the 
‘regeneration’ of the posterior end of Planaria. 

In the absence of the correlative factors which originated in the 
part removed (a), certain regions (b) of the remaining ‘parts (b,c 
d ———n), which were before prevented by these correlative factors 
from reacting as their own constitution and the correlative factors 
from other parts would determine, now begin to react in this man- 
ner. In the region adjoining the part removed, 7.e., in the cells b, 
the correlative factors originating in the parts cd-—~—n are more or 
less similar in their effect to those which affected the part removed 
(a). So far as they are and remain similar, and so far as the con- 
stitution of b permits, this region will be forced by the correlative 
factors to react more or less in the manner of a, which is no longer 
present, and 6 will replace a more or less completely and more or 
less rapidly, according to conditions in the particular case®. If 


5 The formation of a new head in Planaria or a new hydranth in Tubularia isa 
somewhat different process from the formation of the proximal or posterior end. 
In these forms the anterior or distal region is physiologically dominant over parts 
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the cells of the region 6 adjoining the part removed, be chiefly 
affected correlatively by the removal of a or if they react much 
more rapidly than others further away, the process of formation of 
a will be a ‘regeneration.’ But if parts further away from a are 
also affected to a considerable extent by the change and are cap- 
able of reacting as rapidly or almost as rapidly as b, then they may 
also take part in the process of replacing a, which then takes on 
more or less completely the character of a ‘redifferentiation.’ In 
some cases we can determine experimentally whether a part shall 
be formed chiefly by regeneration of redifferentiation. In Planaria, 
for example, the amount of regeneration, as opposed to rediffer- 
entiation, in the formation of a new posterior end increases with 
increasing distance of the cut surface from the old posterior end. 
The farther the level of the cut from the old posterior end, the 
more completely is the development of the new part confined to 
cells near the cut, and vice versa. The cells near the cut are those 
which are most affected by the removal of the part a. Even when 
this part does not develop anew, they react by healing the wound. 
That is to say, they change their reactions mostrapidly of all cells, 
they lose their old specification, they become capable of a more 
rapid metabolism (Child, ’11b) and being subjected to the correla- 
tive factors of the parts c d——~—n, they begin to develop into some- 
thing more or less like a in advance of other parts. The processes 
in these cells establish certain correlative factors which determine 
that the cells farther away from the cut shall remain as they are or 
take other forms of reaction. 

But if we decrease the rate of metabolism in Planaria by extreme 
starvation or by the use of anesthetics, then parts which under the 


posterior or proximal to it and controls their development directly or indirectly. 
Briefly stated, the regulatory formation of a dominant part is a reconstitution re- 
sulting primarily from isolation, while for the formation of a subordinate part 
correlation with other parts of the original system is necessary. For example, a 
piece of the tubularian stem may reconstitute itself into a hydranth without any 
other parts (Child, ’07a, b, ¢), or a pieceof Planaria into a head without other parts 
but a tubularian stem or stolon or a planarian tail is never formed except in con- 
nection with a more distal or anteriorregionof the original organism. The ques- 
tion of the dominance and subordination of parts and its significance will be dis- 
cussed more fully elsewhere. 
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usual conditions are formed chiefly by regeneration, e. g., the head, 
may be formed largely by redifferentiation (Child, 10a). Tais 
means simply that the cells near the cut do not react so rapidly 
s under the usual conditions, so that other cells further away have 
ime to change their reactions and take part in the process, while 
ordinarily they would be prevented from doing this by the cor- 
relative factors arising from the activity in the cells near the cut. 
These instances are merely special cases under the general rule 
that the less rapidly the missing part is replaced, the more ex- 
tensive are the changes in the remaining parts, so far as their con- 
stitution permits change. 

Regeneration and redifferentiation in their extreme forms repre- 
sent the extreme terms of a graded series, of which all terms are 
essentially of the same physiological character, 2. e., all consist 
in a change in reaction in consequence of a change in physiological 
correlation. The designations ‘regeneration’ and ‘redifferentia- 
tion’ serve merely as convenient descriptions of the visible phe- 
nomena. 

Where all the cells of the remaining parts are so sensitive to the 
absence of the correlative factors originating in the part removed 
that they cannot maintain themselves after its removal, the old 
structure of all the remaining parts may disappear to a greater or 
less extent, 7. e., a ‘dedifferentiation’ occurs, as, for example in the 
isolated pieces of the branchial region of Clavellina. In the differ- 
ent cells of the mass the metabolic processes become less specified 
and in this respect it approaches the ‘embryonic’ condition, and 
the correlative factors in the mass approach those existing in the 
embryo. But during this process some of the cells have been sub- 
jected to correlative factors more or less similar to those to which 
the part removed was subjected at some stage of development, 
consequently these become in some degree the physiological repre- 
sentatives of that part. In short the system becomes physiologi- 
cally a whole, but in consequence of the rapid dediffereatiation 
of the old parts it corresponds to a whole in a relatively early 
stage of development. From this condition renewed differentia- 
tion as a whole results necessarily from continued metabolism, 
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v7. €., continued life. The new whole is, however, different from the 
old in size, physiological conditions, number and proportion of 
various parts, ete. 

In the process of regeneration in the stricter sense the new part 
is usually at first small and increases rapidly in size. I believe 
that this growth in size is assentially similar to the functional hy- 
pertrophy of organs. The part which was removed possesses a 
certain size in relation to other parts, because its size was deter- 
mined chiefly by correlative factors. Just so far as the new develop- 
ing part is subjected to similar correlative factors, it will 
tend to attain the same size as the part removed. Consequently 
it does not always attain the same size with respect to other parts. 
In Planaria the relative size of the new head differs according to the 
region of the body from which the piece is taken, to the nutritive 
condition aud various other factors. The process of reconstitu- 
_ tion ceases when a certain stage, differing under different condi- 
tions, is attained. This stage represents an equilibrium of physi- 
ological correlation, 7. e., of interaction between the parts; it is 
primarily a dynamic equilibrium, a proportioaality of processes, 
not of form. We can alter this condition of equilibrium experi- 
mentally by food, by starvation, by temperature, and in short by 
all factors which affect the processes. 

In various papers Driesch has distinguished a number of differ- 
ent forms of reconstitution (restitution). His distinctions are 
based primarily upon differences in the visible phenomena of 
development or dedifferentiation and for him the chief interest 
lies in the recognition of the different forms, rather than in the 
attempt to determine how they differ from each other physiologi- 
cally, since from his point of view the physiological factors are in 
many cases only ‘means’ which the entelechy employs. It is 
impossible to consider here these various forms of reconstitution, 
and since my point of view is so widely different from that of 
Driesch such a consideration would show merely that his basis 
of distinction could not be accepted for purposes of a physiological 
analysis. While it is convenient to distinguish different forms or 
methods of reconstitution, I believe that it is much more impor- 
tant to resolve the phenomena into processes. 
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4. The complexity of reconstitution 


The process of reconstitution is not a simple process which can- 
not be analyzed, but rather an exceedingly complex one; in fact 
its complexity is of the same order and character as that of devel- 
opment. It consists of a series of compensations and transforma- 
tions in different parts of the system. It is only when we take into 
account the complexity of physiological correlation between parts 
and the almost infinite possibility of change and variety in this 
correlation that we have any hope of gaining an insight into the 
complex series of events. The specificity of correlation and reac- 
tion does not, as Driesch apparently believes (Driesch, ’09) con- 
stitute a physico-chemically insoluble problem except when we 
follow Driesch in ignoring the energy current as an equilibrating 
factor in the organism and as the efficient factor in construction of 
the visible and tangible characteristics. 'The energy current 
performs its work under specific conditions in each case and leads 
to a specific result. As soon as a specific condition arises in any 
part of the system, from whatever cause, it determines other speci- 
fic conditions in at least certain other parts. From the experi- 
ments on Planaria it is perfectly apparent that the cells at every 
level of the body posterior to the ganglia, are capable under cer- 
tain conditions of developing into a head, but under the usual 
conditions they are prevented from doing this because the cor- 
relative factors arising from the presence, 7. e., the activities, of a 
head determine their activities in another direction. As soon as 
the old head is eliminated from the system, those cells, which in 
consequence of their past correlation are most similar to it, be- 
gin at once to form a new head, provided the piece is not too small 
and as soon as this occurs it determines correlatively a variety 
of reactions in other cells. The same may be said of the reconsti- 
stitution of any part. The place where a particular part shall 
arise is determined by constitutional and correlative factors in 
the existing system—so far of course as external factors are not 
concerned—and as sooa as one such place is determined, it deter- 
mines others and so on. ‘Thus any case of reconstitution consists 
of a series of regulations, each of which determines others. This 
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is shown very clearly by the fact that isolation of a part from 
certain others during the course of reconstitution may alter the 
course of the process in the part, according to the degree and 
character of the isolation, 7. e., according to the correlative 
factors which are eliminated. By means of experiments of this 
kind it is possible even now to determine the action of various 
correlative factors in different stages of the process of reconsti- 
tution. 


5. The limits of reconstitution 


In every case the reconstitutional processes are limited and 
determined by existing conditions as the river is limited and 
defined by its banks and channel which its own activity has 
constructed in the environment through which it flows. It is not 
true without qualification that any part of certain organisms is 
capable of giving rise to any part. Driesch’s often repeated state- 
ment to this effect requires modification and limitation. The part 
is at most only provisionally capable of giving rise to any part; 
in other words, only when it constitutes a component of a system 
possessing certain characteristics, 7.e., only when it is subjected 
to or isolated from certain correlative factors. This is apparent 
from every recorded series of observations on reconstitution, except 
perhaps the most superficial. In some cases the system may con- 
sist of a single cell, in others of a large number of cells, but the 
fact remains the same. The power of reconstitution is limited, 
not unlimited. As I hope to show elsewhere for Planaria, and 
as I have shown for Tubularia (Child, ’07a, ’07b, ’O07c), the 
investigation of these limitations is of the greatest importance 
in throwing light upon the nature of the reconstitutional 
processes. When we find that the removal of a certain part, 
or even a certain amount of material, determines a different 
result from the removal of another part or a larger or smaller 
amount of material,,we are forced to the conclusion that the 
part or the material removed has some connection with the 
character, place or other factorsin the result, and furthermore, 
when we find that inhibition of the metabolic processes or 
certain of them in the part or the material is as effective in certain 
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respects as the removal of the part or the material, we have at- 
tained a basis for investigation and analysis which is proof against 
such assumptions as those which Driesch has made, e. g., concern- 
ing the nature of the ‘harmonious-equipotential system.’ For 
Driesch the limitations of the reconstitutional processes appear 
to be of secondary importance, but I believe that any one who 
will investigate and analyze these limitations at all thoroughly 
will find that they are not only essential features of the regulatory 
processes, but that they afford us one of the best means of gaining 
some insight into their nature. As water does aot constitute a 
river, except under certain limiting conditions, so certain sub- 
stances or processes do not constitute an organism or even life 
except under certain limitations. The water contains the poten- 
tialities for giving rise to any kind of a river, as well as other 
specific ‘machines,’ but none of these exist until thespecific limita- 
tions are present. The case is essentially similar as regards the 
organism. The specific ‘machine’ exists only so far as the limita- 
tions exist. And the investigation of the limitations of reconsti- 
tution affords at present one of the best methods, if not the best, 
for demonstrating this to be a fact. 


REPRODUCTION IN GENERAL AS A FORM OF RECONSTITUTION 


In another paper (Child, ’11a) I have discussed at length the 
significance of physiological isolation of parts as a factor in repro- 
duction. I have shown that certain degrees and kinds of physiolog- 
ical isolation of parts may arise as the result, first, of an increase in 
size; second, of decrease in correlative control or physiological 
dominance of a part in consequence of decreased activity in it; 
third, of decreased conductivity or transmissibility of correlative 
processes, agents or conditions; fourth, of decreased receptivity, 
sensitiveness or irritability of certain parts to the correlative factors 
originating in other parts. Furthermore, we know from experi- 
ment, as I have shown, that in a considerable number of cases 
physiological isolation of parts serves as well as physical isolation 
by section to bring about reconstitution; and if it were possible 
to perform the experiment, it is practically certain that we should 
find the same to be true for many other cases. 
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In the paper just referred to I have also attempted to show that 
at least a great variety of natural and experimental forms of 
reproduction, reduplication of parts, etc. are essentially processes 
of reconstitution following physiological isolation of parts. The 
chief difference between them and the cases of reconstitution 
following experimental section is, first, that the isolation of the 
part or parts is brought about within the organism physiologic ally 
and not by the crude method of cutting the organism into pieces; 
and second, that this isolation is usually partial at first and differs 
in degree and kind in different cases. 

And finally, I have called attention to certain evidence in sup- 
port of the view that the formation of sex cells and the develop- 
ment of organisms from them are processes not fundamentally 
different from other forms of reproduction, 7. e., that the sex cells 
are first physiologically parts of the organism like other organs, 
and that the development of a new organism from them is initiated 
by changes similar in character to those which occur in other parts 
capable of reconstitution, when they are physiologically or physi- 
cally isolated (Child, 710b, ’10c). 

The evidence bearing upon the first point is briefly as follows; 
first, the sex cells always arise in, or attain by migration particular 
regions of the body ina particular organism, therefore, their physio- 
logical correlation with other parts cannot be purely nutritive 
in character, for if it were, there is no reason why they should 
not take the most various positions in the same species. Second, 
they undergo characteristic differentiations during the life of the 
individual, as do other organs and these differentiations begin 
at a certain stage of development of the organism, 7. e., at or near 
the end of the period of vegetative growth. This cannot be ac- 
counted for by quantitative differences in nutrition at different 
stages, because the growth of the primitive germ cells in earlier 
stages often requires very large amounts of nutritive material. If 
this development is predetermined, then physiological correla- 
tion between the germ cells and other parts must have existed 
at some earlier stage, or else we are forced to a hypothesis of pre- 
established harmony, which amounts to some form of vitalism. 

Moreover, in organisms, which show both asexual and sexual 
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reproduction in the same individual, the asexual reproduction 
occurs earlier in the life cycle than the sexual, and in organisms 
which produce naturally both parthenogenetic and non-partheno- 
genetic eggs, the parthenogenetic eggs appear earlier than the 
non-parthenogenetic. In both these cases the earlier product is 
usually capable of a greater degree of regulation when it is iso- 
lated from the pareat body, than the later; in other words, both 
the non-parthenogenetic egg and the sperm appear from their 
behavior to be more highly specified or differentiated than the 
asexual or parthenogenetic reproductive elements. There is then 
considerable evidence in support of the view that the history of 
the germ cells, like that of other organs, is in part the result of 
physiological correlation. 

As regards the ‘stimulus to development,’ I have shown by 
experiment (Child, ’11b) that in Planaria the procass of reconstitu- 
tution after physical isolation as well as extreme starvation fol- 
lowed by feeding, accomplish rejuvenation and that it is highly 
probable that various other factors bring about similar changes. 
And finally, I have considered the facts which indicate that the 
process of fertilization and the conditions inducing artificial par- 
thenogenesis produce changes in the egg similar in character to the 
rejuvenation occurring in the other cases. 

From this point of view, the stimulus to development of the 
egg is essentially a process or the beginning of a process of recon- 
stitution and so is similar in its physiological effect to the factors 
initiating the various processes of asexual reproduction. Experi- 
mental reconstitution following section is then merely a special 
case of reproduction occurring under certain conditions, or we 
may say just as correctly that each form of reproduction in nature 
or experiment is a special case of reconstitution occurring under 
certain special conditions. 

If this view be correct, then the fundamental problems of devel- 
opment and heredity are before us in every case where a physically 
or physiologically isolated part of an organism produces a new 
organism, just as truly as they are in sexual reproduction. In fact 
sexual reproduction constitutes the most complex case of all, but 
I am convinced that a recognition of its essential similarity tothe 
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processes following experimental section and the physiological 
solation of parts is of the greatest significance for our conception 
and solution of the problems of inheritance and development. 


CONCLUSION 


It is sufficiently evident from what has been said that I consider 
the phenomena of regulation in organisms as constituting the es- 
sential chacteristic of life as a continuing process. I agree with 
Jennings that the problem of regulation is the fundamental prob- 
lem of life. All of our experimental investigations on living organ- 
isms are directly concerned with the problem of regulation in 
one way or another. In fact there are only two possible methods 
of investigating and analyzing the phenomena of life: one is con- 
cerned with regulation in the living organism, the other with the 
observation and analysis of the results of stopping the life-proc- 
esses at this or that particular point, under these or those parti- 
cular conditions. In the one case we observe and control the proc- 
ess in its action, in the other we seek to determine the effects of 
its past action. As we can watch the river at work and investi- 
gate the processes of equilibration resulting from alteration of its 
flow in one way or another, so we can investigate the living organ- 
ism. And as we can stop the flow of the stream or divert it into 
other channels and determine something of what it has done along 
its course up to a certain time by examination of its channel, so 
from the dead organism, we can determine something of its past 
activity. 

But the conclusions drawn from the examination of the channel 
of the ‘dead’ river are only fragmentary at best. Only by observ- 
ing and controlling the river in action is it possible to acquire any 
adequate conception of what it really is. And so, I believe, with 
regard to the organism: the living organism will teach us more than 
the dead, one though we must work with both. And when 
we work with the living organism we come at once face to face 
with the problem of equilibration, of regulation. And finally, I 
believe that the further our knowledge of the processes of equili- 
bration. in the organism advances, the greater will be the difficulty 
of finding an adequate foundation in biology for vitalistic or 
dualistic hypotheses. 
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PARAMAECIUM AURELIA AND PARAMAECIUM 
CAUDATUM 


LORANDE LOSS WOODRUFF 


From the Sheffield Biological Laboratory, Yale University 
ONE FIGURE 


Leeuwenhoek in 1677 described! some ‘‘little animals longer 
than an oval’”’ which he had discovered two years previously, 
and there is some reason to believe that this is the first published 
record of an organism belonging to the genus Paramaecium. 
The name Paramaecium, however, was first employed by Hill? 
to designate certain small organisms which were more or less 
oblong, -in contrast to others which were round or decidedly 
vermiform, and either the present species aurelia or caudatum 
is probably the animal which he designated as ‘Paramaecium 
species 3.’ 

Although Hill was the first to attempt to apply scientific names 
to microscopic animals, it remained for O. F. Miiller to give 
a general classification of these forms, and to apply the Linnean 
nomenclature. He began this work on the infusoria as a sec- 
tion of a treatise entitled, Vermium terrestrium et fluviatilium His- 
torta, which appeared in two volumes in 1773. Unfortunately 
he did not live to see the publication of his special work, Animal- 
cula Infusoria fluviatilia et marina, 1786, which was edited by his 
friend, O. Fabricius. Miller described a Paramaecium and ap- 
plied the specific name aurelia in the former of these works. In 


the latter work he described and figured? Paramaecium aurelia 
’ 
1Philosophical transactions, London, 11, 133. 1677. 
*History of animals, 3, 1751. 
3Plate 12, figs. 1-14. 
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together with several other forms, which at the present time are 
assigned to other genera. Miiller’s description is as follows*:— 

PARAMAECIUM. Vermis inconspicuus, simplex, pellucidus, mem- 
branaceus, oblongus. 

Paramaecivum aurelia. Paramaecium compressum, versus ant- 
ica plicatum, postice acutum. 

Thus the organism described by Baker® as ‘‘Animalcules in 
pepper water, first sort,” by Joblot® as Chausson, by Ellis’ as 
Volvox terebella, etc., received the name which, in spite of var- 
ious vicissitudes, has come down to the present time. 

The next great student of the lower organisms, C. G. Ehren- 
berg, in the first two of his treatises,’ described several species of 
Paramaecium, and one of these is Paramaecium aurelia. In his 
third treatise® he described still another species which he named 
Paramaecium caudatum.!° Five years later, in 1838, Ehrenberg 
brought out his monumental monograph, Die Infusionsthierchen 
als vollkommene Organismen, and in this work he described these 
two species as follows:!! 

Paramecium Aurelia, Pantoffelthierchen. 

P. corpore cylindrico, subclavato, antica parte paullo 
tenuiore, plica longitudinali obliqua in os multum 
recedens exeunte, utrinque obtuso. 

Paramecium caudatum, geschwinztes Pantoffelthierchen. 

P. corpore fusiformi, antica parte obtusiore, postica magis 
attenuata. 

Thus Ehrenberg described, on the basis of shape and size, the 
two common forms of colorless paramaecia which appear in 


4Page 86. 

5The microscope made easy, London, 1742. 3rd ed., 1744, p. 72, Pl. 7, fig. 1. 

°‘Observat. fait. avec le microscope, Paris, 1754. 

7Observations on a particular manner of increase in the Animalcula of vegetable 
infusions, etc. Phil. Trans., London, 1769. 

8Abhandl. der Akademie d. Wissensch. zu Berlin, 1830, 1831. 

*Tbid, 1833. 

10Whrenberg notes that Herrmann (Naturforscher, 1784) applied the name cau- 
datum to a form which was probably a species of Amphileptus; also Schrank 
(Fauna boica, 1803) used the same name. 

Pp; 350-302. Pl-.39> figs: 6,7. 
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modern systematic works as P. aurelia O. F. M. and P. cau- 
datum Ehrbg. 

Dujardin, in 1841, in his treatise on the Infusoria !, recognized 
but two species of Paramaecium as follows: 

PARAMECIE AURELIE.—Paramecium aurelia. 

Corps ovale oblong, arrondi ou obtus aux deux extrémités, 
plus large en arriére.—Long de 0, 18 4 0, 25. 

PARAMECIE A QUEUE.—Paramecium caudatum. 

Corps fusiforme, obtus ou arrondi en avant, aminci en 
arriére.—Long de 0, 22. 

His figures of the two species show clearly the characteristic 
form which he considered diagnostic. 

Various investigators, including Stein, and Claparéde and 
Lachmann, questioned the justification of considering these two 
forms as distinct species, basing their opinions, as had Ehrenberg 
and Dujardin, solely on external characters, and they united 
these two forms under one species, and applied Miiller’s original 
namie, P. aurelia. This union of aurelia and caudatum into one 
species was accepted by all the subsequent students of Paramae- 
cium, e.g., Balbiani, Biitschli, Engelmann, Gruber and Kolliker 
and consequently all the early literature on the conjugation of 
this infusorian, refers to the organism as P. aurelia, although it 
had but a single micronucleus. 

Maupas, in 1883, in his studies on the ciliates,’ wrote :— 


Tous les auteurs jusqu’ici ont décrit Paramecium aurelia comme ne 
possédant jamais qu’un nucléole d’assez grande taille et mesurant de 
Omm,005 4 Omm,008. C’est en effet la forme que l’on rencontre la 
plus fréquemment. Mais j’ai obsérve aussi de nombreux individus 
pourvus de deux nucléoles plus petits et de structure différente de la 
précedénte. Ils étaient de forme sphérique et composés d’un corpus- 
cule central opaque vivement coloré par les teintures et ne mesurant que 
Omm,003; enveloppé d’une couche corticale mesurant en diamétre 
Omm,005, claire et ne se colorant pas. 


12Histoire naturelle des Zoophytes. Infusoires, ete. Paris, 1841. Pp. 481-483, 
PIS 8; figs:'5, 65.7. 

8Contributions a l’etude morphologique et anatomique des Infusoires cilies, 
Arch. de zool. exp. et gen., (2), I, 1883, p. 660. 
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Thus Maupas tacitly accepted the current view that there was 
one large species of Paramaecium, but observed, for the first 
time, that certain paramaecia have a different nuclear apparatus 
from that previously described. This author, however, in 1888, 
stated that in his earlier work he, as all his immediate predeces- 
sors, had confused two species, and he wrote" as follows: 


Ces deux formes de micronucléus constituent le caractére distinctif 
le plus important entre les deux espéces de Paramécies. La premiére 
forme appartient toujours et uniquement au P. caudatum, la seconde, 
également toujours et uniquement, au P. aurelia. 

Pour Ehrenberg et Dujardin, P. caudatum se distingue par un corps 
allongé, fusiforme, obtus en avant, aminci en arriére: P. aurelia par un 
corps plus large, presque ovale, obtus aux deux extrémités. Ces différ- 
ences de contour général, tout en étant réelles, ne sont pas absolument 
rigoureuses; Car, si on ne trouve jamais de Paramécie 4 un seul micro- 
nucléus affectant la formed trapue obtuse, il n’est pas trés rare d’en 
rencontrer 4 deux micronucléus, ayant pris la forme allongée 4 queue. 
Dans ce dernier cas, il est impossible de savoir 4 quelle espéce on a 
affaire, sans une préparation permettant de voir les micronucléus. 
Ce charactére distinctif, basé sur le contour général, n’a done qu’une 
valeur relative. Il est cependant bon d’en tenir compte; car lorsqu’on 
s’est exercé & bien distinguer les deux espéces, il suffit presque toujours 
et trompe rarement. 

Le P. caudatum parait avoir une taille un peu plus grande que celle 
du P. aurelia. Ainsi, j’ai mesuré des premiers depuis 120 jusqu’a 
325 wp, tandis que les seconds ont varié seulement entre 70 et 290 u. 
En outre, P. caudatum se conjugue avec une taille variant entre 125 4 
220 w, et P. aureliaentre 754145. Pendant la conjugaison, le déroule- 
ment rubanaire, préparant la fragmentation du nucléus, s’effectue chez 
le P. aurelia, des le stade D, tandis que chez le P. caudatum il ne com- 
mence que vers le milieu du stade G. Chez cette derniére espéce, le 
nucléus mixte de copulation donne naissance finalement & huit corpus- 
cules, chez P. aurelia il n’en produit que quatre; il en résulte que chez 
celle-ci l’état normal se trouve rétabli dés la premiére bipartition qui 
suit la conjugaison, et chez P. caudatum seulement aprés la seconde. 

Toutes ces différences anatomiques et physiologiques me paraissent 
plus que suffisantes pour justifier la distinction des deux espéces. Il 


“Sur la multiplication des Infusoires cilies, Arch. de zool. exp. et gen., (2), 4, 
1888, pp. 231-235. 
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est fort possible que Claparéde et Lachmann aient eu raison, en considér- 
ant la forme caudatum comme plus typique que la forme aurelia. $i, 
en effet, on examine avec soin les dessins de O.—F. Miiller, on penche 
& croire que le vieux micrographe a vu et figuré la premiére seulement. 
En se conformant strictement au principe de la loi de priorité, ce serait 
done le nom aurelia, donné par Miller, qui devrait étre conservé & la 
forme fuselée. Mais, d’un autre c6té, Ehrenberg et Dujardin ont dis- 
tingué ce type et l’ont décommé caudatum. Si nous lui conservons la 
vieille dénomination aurelia, il devient impossible de transmettre le 
qualificatif caudatum & la forme qui, le plus souvent, est obtuse 4 
ses deux extrémités. Il faudrait alors eréer un nouveau nom. Je 
crois plus simple de conserver les dénominations d’ Ehrenberg. 


Since 1889, when Maupas" and Hertwig'®, in studies on conju- 
gation added further evidence for the distinction of the two forms, 
- they have been generally accepted as ‘good’ species. Calkins, 
however, again raised the question in 1906: ‘‘I personally believe 
that the slight differences that distinguish the two types of Para- 
mecium are not of specific value, and hold that P. caudatum 
should be regarded as a mere variant of P. aurelia.’’!7 He based 
this view chiefly on the following observations. One of a pair 
of ex-conjugants of P. caudatum, which he was studying by his 
well-known accurate culture methods, reorganized as P. caudatum 
and the other as P. aurelia, i.e., the latter had two small micro- 
nuclei, instead of one, and remained in this condition for about 
forty-five generations in pedigree culture, and then reverted to 
the caudatum type with one large micronucleus. While the 
aurelia phase existed, the rate ofedivision was comparatively 
slow, and when the caudatum phase was reassumed the rate of 
division immediately increased considerably. Calkins also con- 
sidered the relative size of the two forms, and the conjugation 
phenomena as described by Maupas and Hertwig, and concluded 
that these are not of such a character as to warrant their being 
considered diagnostic. . 


6 Le rajeunissement karyogamique chez les cilies, Arch. de zool. exp. et gen., (2), 
7, 1889. 

16 Ueber die Konjugation der Infusorien, Abh. kgl. bayr. Akad. d. Wiss. Miinchen, 
2, C1.°17, 1889. 

17Paramecium aurelia and Paramecium caudatum. Studies by the pupils of 
W. T. Sedgwick, 1906. 
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Jennings, in his studies on heredity in Paramaecium,!* showed 
that he could readily isolate a considerable number of pure lines 
from a wild culture, and that these pure lines breed true, 1.e., 
there exist inherent hereditary differences in size, persisting when 
all other conditions remain the same. ‘These different lines fall 
usually into two main groups, one group having a mean length 
greater than 170u, and the other having a mean length less than 
140u. But he was able finally to isolate a line intermediate in 
size, and thus to bridge over the gap. As Jennings points out, 
even if it were not possible to isolate a strain of intermediate 
size between the two large groups, this would not give a basis 
for distinguishing two species. However, he states: “I may 
be permitted to add to the precise data thus far given a personal 
impression or surmise. Though, as I-have shown, intermediate 
lines occur, I believe that it will be found that most Paramecia 
can be placed in one of the two groups that we have called ‘cau- 
datum’ and ‘aurelia’. In other words, if my impression is cor- 
rect, most lines will have a mean length either below 145 microns 
or above 170 microns; rarely will lines be found whose mean falls 
between these values. Such at least has been my experience in 
a large amount of work. Furthermore, I am inclined to believe 
that those belonging to the smaller group (mean length below 
145 microns) will be found to have as a rule two micronuclei; 
those belonging to the large group but one micronucleus. This 
matter is worthy of special examination.” 

Jennings and Hargitt in 1909 made this examination and in a 
preliminary communicatior’ stated!® that “two sets of races 
could be distinguished, one set having two micronuclei, the other 
but one. The races with two micronuclei were all smaller than 
those with one. The larger races together thus correspond with 
what had before been described as P. caudatum, the smaller races 
with P. aurelia. The two differ also in the size, position and 


18Heredity, variation and evolution in Protozoa. II. Heredity and variation of 
size and form in Paramecium, with studies of growth, environmental action 
and selection, Proc. Amer. Philosophical Society, 47, no. 190, 1908. 

19Characteristics of the diverse races of Paramecium, Proc. Amer. Soc. Zool- 
ogists, 1909 meeting, in Science, March 25, 1910. 
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staining relations of the micronuclei, in ways that correspond 
to the descriptions of Hertwig and Maupas. But 7 rare cases 
specimens of the caudatum races have two micronuclei, those 
of aurelia races but one, thus confirming the observation of 
Calkins on this point.” 

In accordance with the conclusions of Calkins, I have used the 
specific name aurelia to include both the aurelia and caudatum 
forms; but my extended study of Paramaecia cultures has demon- 
strated that these two forms are remarkably constant, and I am 
inclined to the view that they are distinct species, in the sense 
in which this term is generally used in biological work. The data 
on which I base this conclusion are chiefly as follows: the pedi- 
gree culture of P. aurelia which I have had under daily observa- 
tion for (so far) more than three and one half years, during which 
time more than 2100 generations have been attained, has bred 
practically true to the aurelia type as described by Maupas in 
the passage quoted. The pedigree culture of P. caudatum which 
I have carried for nearly seven months, and which has attained 
more then 300 generations up to the present time, has bred prac- 
tically true to the caudatum type as described by that author. 

The pedigree culture of P. aurelia was started on May 1, 1907, 
with & ‘wild’ individual which was found in a laboratory aquar- 
ium, and was carried on at Williams College during May and June, 
1907; at the Woods Hole Marine Biological Laboratory during 
parts of the summers of 1907 through 1910; and at Yale Univer- 
sity during the academic years from 1907 to the present time, 
November 30, 1910. The pedigree culture of P. caudatum was 
started on May 14, 1910, with a ‘wild’ individual collected from 
a pond at New Haven, Conn., and was carried on at Yale Univer- 
sity except for a period of a few weeks in the summer when it 
was taken to the Woods Hole Laboratory. 

The original specimen of each culture was placed in about five 
drops of culture fluid on a glass slide having a central ground 
concavity, and when the animal had divided twice, producing 
four individuals, each of these was isolated on a separate slide to 
form the four lines of the respective cultures. The pedigree 
cultures have been maintained by the isolation of a specimen from 
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each of these lines practically every day up to the present time, thus 
precluding the possibility of conjugation taking place between 
sister cells. The number of divisions of each line has been recorded 
daily at the time of isolation and the average rate of these four 
lines has been again averaged for ten-day periods (cf. fig. 1). 
The culture medium has consisted of materials collected prac- 
tically at random from laboratory aquaria, hay infusions, ponds, 
etc. The infusions were thoroughly boiled to prevent the con- 
tamination of the pure lines of the pedigree cultures by ‘wild’ 
individuals. Permanent preparations have been preserved from 
time to time for the study of the cytological changes during the 
life history. 

In the light of this experience with cultures I shall consider 
each of the characters emphasized by Maupas. 

Shape. The general shape of the aurelia and caudatum forms 
is, in nearly all specimens, quite distinctive; aurelia is slightly 
more broad at the posteriorthan at the anterior end, while cau- 
datum, as the name implies, is quite pointed at the posterior 
end as compared: with the anterior end. The posterior end, in 
the specimens in my pure culture, is markedly pointed, and 
being free from endoplasmic inclusions, appears transparent and 
clearly delineated even under a lens with a magnification of ten 
diameters. ‘I have been accustomed to allow stock material 
from my pedigree aurelia culture to multiply in large flasks of 
hay infusion, for various experiments on conjugation, ete. 
Frequently I have used this material for my elementary class in 
biology and I have found that even the novice has called attention 
to the fact that the shape of the ends was reversed as compared 
with the figure of caudatum in the text-book. McClendon, how- 
ever, stated that in his study of aurelia and caudatum he found 
‘no characters of outward form” which were diagnostic. 

Changes in the vitality of my pedigree lines never have been 
very marked, and consequently I have not had organisms, in 
the direct lines of my pedigree cultures, representing physiolog- 
ical extremes to compare. Numerous experiments, however, 
have been made with ‘stock’ material left over after the daily 
isolations of the pure lines, which have clearly shown that, for 
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example, even when the aurelia and caudatum cultures are sub- 
jected to unfavorable environmental conditions, as, for example, 
scarcity of food, the very great majority of individuals retain 
the shape which is characteristic of the race. 

Size. As has frequently been pointed out, size alone is an 
entirely inadequate character on which to base species. It is 
significant, however, I believe, that during the long life of my 
pure strains, I have never observed the relative size of the indi- 
viduals of the aurelia and caudatum forms, when bred under 
identical conditions, to change greatly during any single period. 
Experiments have shown that even when the two forms have 
been bred under diverse conditions, for example, aurelia in a 
medium rich in food and caudatum in a medium with a very 
small amount of bacterial growth, the size of the caudatum form 
always has remained sufficiently great to render it distinguish- 
able from the aurelia form. On the basis of size alone, then, it 
has been possible, with great accuracy, to separate the two forms 
when mingled together. It is probable, of course, that I began 
my pedigree cultures with very typical specimens of the aurelia?® 
and caudatum groups as described by Jennings. If such be the 
case, then my cultures add considerable evidence in favor of 
the different strains which Jennings has isolated. It appears 
to me, however, that what that author has done for Paramaecium, 
can probably be done for many closely related species of infusoria, 
and the very fact that he did find it difficult to secure an inter- 
mediate race between the aurelia and the caudatum groups is a 
strong point in favor of the. distinctness of the forms. 

Vitality. It has been customary to regard the rate of repro- 
duction of infusoria in culture as a just criterion of vitality. 
Maupas wrote: ‘‘Cette faculté de reproduction (aurelia) resem- 
ble beaucoup 4 celle de la précédente espéce (caudatum).”” My 
cultures completely corroborate this statement, for during the 
six and one half months of the life of the caudatum culture, 324 
generations have been attained, while during the same period, 


20For further details of the culture see: L. L. Woodruff, Two thousand genera- 
tions of Paramaecium; Archiv fiir Protistenkunde, 21, 3, 1911. 
21Sur la multiplication des Infusoires cilies, loc. cit., p. 234. 
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under identical conditions, the aurelia culture has advanced from 
the 1785th generation to the 2117th generation, or 332 genera- 
tions. This gives a difference of only eight generations in the rate 
of reproduction of the two forms during seven months (cf. fig. 1). 
These cultures obviously do not support the statement, frequently 
made, that aurelia is a weaker form than caudatum. 

Maupas remarked that P. aurelia was one of the most common 
infusoria, and Jennings found that a typical wild culture could 
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Fig. 1 Diagram showing the comparative rate of division of the pedigree 
cultures of Paramaecium aurelia and Paramaecium caudatum, when bred under 
identical conditions, from May 14, 1910, to November 30, 1910. During this pe- 
riod P. aurelia (designated by continuous line) advanced from 1785 to 2117 genera- 
tions, while P. caudatum (designated by broken line) advanced from 1 to 324 
generations. The rate of division is averaged for ten-day periods. The ordin- 
ates represent the average daily rate of division of the four lines of the cultures. 


be resolved into caudatum and aurelia groups. It has been my 
experience that it is as easy to procure one form as the other in 
the wild state. Certainly my aurelia culture, which theo- 
retically would provide individuals to the number represented 
by 2 to the 2117th power, gives more evidence of vitality and 
reproductive power than has been demonstrated for any other 
animal. 

Conjugation. I have no data in regard to the conjugation of 
either of these forms, for, so far, in all experiments with stock 
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material left over after the daily isolations from my pure lines, 
I have failed to observe a single syzygy, either between aurelia 
lines or caudatum lines, or between aurelia and caudatum lines. 
Jenning’s” experiments on conjugation in Paramaecium bring 
out data which add further evidence that in certain strains at 
least a predisposition to conjugation does not exist. Maupas 
wrote: ‘“C’est bien certainement une des espéces (aurelia) qui 
se recontrent les plus fréquemment 4 l’etat conjugué.”’ 

Maupas, as we have seen, pointed out a difference in the nuclear 
phenomena during conjugation which he held to be of diagnostic 
value, and Hertwig apparently showed that aurelia has two micro- 
nuclei at the reorganization after conjugation. Calkins, on the 
other hand, has shown that P. caudatum, in one case, reorgan- 
ized with two micronuclei and later reverted to the uninucleate 
type. Such a case can readily be considered a ‘sport’ which has 
arisen possibly by the persistence of the stage with two micro- 
nuclei immediately following the separation of the conjugants, 
or by the precocious division ef a single micronucleus previous to 
the first regular vegetative division after conjugation. Although, 
as Calkins stated also, forty-five generations is a long time for 
an abnormality, if it be such, to persist; nevertheless, I believe 
it is very significant that, whereas during the presence of two 
micronuclei the division rate averaged only 0.8 of a division per 
day, after the loss of one of the micronuclei the division rate 
increased to the remarkable rate of 2.2 divisions per day, on the 
average for a period of four months. It is also of interest that 
the other exconjugant which reorganized ‘normally’ as caudatum 
failed to live. 

So far as I am aware, the following statement?’ by Simpson is 
the only record of a possible case of conjugation between aurelia 
and caudatum: ‘‘Out of twenty-one attempts I had but two par- 
tial successes. Conjugation took place on two slides: the period | 
was normal. After separation each of the ex-conjugates divided 
once: on the third day they died off. In anticipation of something 

22What induces conjugation in Paramecium? Jour. Exp. Zodl. 9, 2, 1910. 


Observations on binary fission in the life-history of Ciliata, Proc. Royal 
Soc. Edinburgh, 1901, pp. 407-408. 
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of this sort from analogy in higher forms, I intended to let the 
two pairs run their natural course, foregoing the desire to examine 
their nuclear condition. In view, therefore, of the incomplete- 
ness of the experiment, it is perhaps unwarrantable to draw any 
results regarding hybridization and infertility, or even the ‘fixity 
of species’ so far down in the animal scale.”” Simpson gives no 
data to prove that these were actually syzygies between the two 
forms, but if they were, it is obvious that they were not fertile. 
Jennings and Hargitt stated that they had been unable to induce 
the two forms to conjugate. 

In view of the fact that, for example, Maupas studied conjuga- 
tion of both P. aurelia and P. caudatum, and Hertwig studied 
conjugation of P. aurelia, and also that Jennings observed con- 
jugation in both his aurelia races and in his caudatum races, it 
is clear that aurelia forms conjugate and caudatum forms con- 
jugate, but there is no positive evidence that conjugation takes 
place between individuals of aurelia and caudatum. 

Macronucleus. The normal macronucleus of aurelia was de- 
scribed by Hertwig and Maupas and that of caudatum agrees 
very closely. It is an ellipsoidal body with a smooth contour, 
except for a slight depression, in which the micronucleus is usually 
located. But the form of the macronucleus of both aurelia and 
caudatum frequently departs very greatly from the ‘normal’ 
condition. It is not unusual to find paramaecia of my aurelia 
cultures with the macronucleus resolved into several parts. These 
parts apparently may be gathered together into a typical nucleus 
for division, or the cytoplasm and micronuclei may divide, the 
macronuclear fragments which are in the posterior part form- 
ing the macronucleus of one daughter cell and those in the 
anterior part forming the macronucleus of the other daughter 
cell. I shall reserve the full discussion of these interesting 
changes for a special paper. It is- important to emphasize 
the fact that these are not pathological conditions, since the 
general vitality, as indicated by the rate of division, is not 
appreciably affected. 
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Calkins, however, found nuclear fragmentation in degenerat- 
ing individuals of caudatum, Wallengren® and Kasanzeff* 
showed that various changes including fragmentation of the mac- 
ronucleus occur when paramaecia are starved, and Popoff?? 
described a large increase in size and fragmentation of the macro- 
nucleus in degenerating caudatum which paralleled the conditions 
observed in specimens ripe for conjugation. He also obtained 
similar changes by subjecting the animals to various reagents.”® 
Mitrophanow”* emphasized the fact that the structure of the 
macronucleus varied considerably under the influence of diverse 
conditions, and he described fragmentation and figured spherical 
pieces which very closely resembled micronuclei. 

It is evident, then, from my cultures that the macronucleus of 
both aurelia and caudatum is subject to great morphological vari- 
ation without appreciably affecting the rate of reproduction, L.e., 
it is entirely normal. It is also apparent from the work of the 
other authors cited that degeneration changes become manifest 
in the fragmentation of the macronucleus. Consequently the 
macronucleus presents no character which is of permanent diag- 
nostic value. 

Micronucleus. Maupas, as we have seen, regarded the micro- 
nucleus as the chief distinguishing character of aurelia and cau- 
datum, and my cultures substantiate his view. Fixed and stained 
individuals show that the micronuclei of the aurelia culture for 
over two thousand generations have conformed in a remarkable 
degree to the aurelia type as described by the French investi- 
gator, and the micronuclei of the caudatum culture have conformed 
to his caudatum type. 


Studies on the life history of Protozoa. IV. Death of the A Series, Jour. 
Exp. Zoél., 1, 3, 1904. 

% Tnanitionserscheinungen der Zelle, Zeit. f. allg. Physiologie, I, 1, 1901. 

*Experimentelle Untersuchungen ueber Paramecium caudatum. Inaug.—Diss., 
Ziirich, 1901. 

27Depression der Protozoenzelle und der Geschlechtszellen der Metazoen, 
Archiv fiir Protistenkunde, R. Hertwig Festband, 1907. 

28Experimentelle Zellstudien III. Ueber einige Ursachen der physiologischen 
Depression der Zelle. Archiv fiir Zellforschung. 4, 1909. 

22T,’appareil nucléaire des Paramécies, Arch. Zool. Exp. et Gen., (4), I, 1908. 
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It is not only the presence of two micronuclei, but their pecul- 
iar morphology, as emphasized by Maupas, which is character- 
istic of the aurelia type. I have found one individual of the au- 
relia culture with three micronuclei, and a few specimens in 
which I have been unable, in total mounts, to distinguish a single 
micronucleus or more than one micronucleus. ~.But when only 
one micronucleus could be seen it has been of the aurelia type, and 
otherindividuals of the culture at the same period have had the two 
characteristic micronuclei. I have observed a variation in the 
number of micronuclei in various pedigree cultures of hypotrichs,*° 
Popoff has found reduplication in Stylonychia mytilus and Para- 
maecium caudatum during degeneration, and Kasanzeff has 
observed the same in starved P. caudatum. Thus, while my 
cultures of Paramaecium and various hypotrichous species sub- 
stantiate Wallengren’s and Calkins’ statement that the micro- 
nuclei are the most stable elements in the cell, and the last to be 
visibly affected by environmental changes, nevertheless it is 
apparent that they are subject to variations under certain 
unknown conditions. Temporary variation, therefore, cannot 
be considered as having weight in determining species. The essen- 
tial fact is, however, that throughout the existence of my aurelia 
and caudatum cultures, the morphology of the micronuclei has 
conformed to Maupas’ description for the respective species. 
It must be borne in mind also that P. caudatum has been the 
subject of more extended study by exact culture methods than 
any protozoon except P. aurelia, and in all these long pedigree 
cultures it has bred true to the caudatum type, at least with respect 
to the single micronucleus. Calkins, for example, in his impor- 
tant investigations on the life history of this form, carried three 
distinct cultures, by the aid of artificial stimuli during periods 
of physiological depression, through 379, 570, and 742 generations 
respectively. McClendon, also, studied mass cultures of Para- 
maecium for considerable periods and stated that he never 
found individuals ‘‘ with different numbers of micronuclei in the 
same culture.’’?! 


30An experimental study on the life history of hypotrichous Infusoria, Jour. 
Exp. Zodél., 2, 4, 1905. 
31Protozoan studies, Jour. Exp. Zool., 6, 2, 1909. 
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SUMMARY 


Briefly stated, I am convinced from my study of paramaecia 
that— 

1. A very great majority of individuals of aurelia and caudatum 
can be distinguished on the basis of shape alone; 

2. Avery great majority of individuals of aurelia and cau- 
datum can be distinguished on the basis of size alone; 

3. The power of reproduction, or general vitality, of aurelia 
and caudatum is practically identical; 

4. The macronucleus of aurelia and caudatum is subject to 
such great variation that it affords no diagnostic feature; 

5. The micronuclear apparatus of aurelia and caudatum affords 
crucial diagnostic characters. 

I have summarized the various characters of the two forms as 
they have shown themselves in my long pedigree cultures, and it 
is evident that they have conformed practically identically to 
the Maupasian types—such variations as have appeared not being 
so great as have been observed to occur in undisputed species, 
or as one would expect to find when the intimate relation of the 
unicellular organism to the environment is considered. Therefore, 
I believe, that since one of the crucial tests of a species is 
its ability to breed true to its type indefinitely, aurelia and cau- 
datum have adequately met this test during more generations 
than any other animal under observation, and accordingly 
Paramaecium aurelia O.F.M.and Paramaecium caudatum Ehrbg. 
should be regarded as distinct species.*: * 


22TIn this paper I have followed the spelling of the name of the genus as given 
by its founder, except in direct quotations from other authors. 

337 have the satisfaction to note that my conclusions are in accord with the 
final results published by Jennings and Hargitt in the last number of this 
journal, which was received when this paper was in press. MHargitt says, 
“There is cytological warrant for distinguishing caudatum races from aurelia 
races, and it seems probable that it will continue to be convenient to distinguish- 
these as two species.’’ 
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INTRODUCTION 


The present paper is a contribution to our knowledge of the 
means that lead to the fertilization of the egg. It is part of the 
history of the sperm outside the body of the animal. 

Sexual reproduction in most complex animals involves the trans- 
fer of the sperm from one animal to another, before the eggs can 
be fertilized. 

Among animals the various methods by which the sperm is 
transferred may be grouped under the three heads, diffuse, direct, 
indirect. By diffuse sperm transfer we mean the discharge of the 
sperm into the water, where it may meet the eggs outside of the 
female, as in certain coelenterates, echinoderms and annelids, 
or may be drawn into the body of the female, as in certain lamel- 
libranchs. By direct sperm transfer we mean the method found 
in the majority of complex animals, in which there is more or less 
direct application of the terminal parts of the passages leading 
the sperm to the exterior to the passages leading from the exter- 
ior direct to the eggs. In this group there is commonly a true 
copulation. 

By indirect sperm transfer we mean those peculiar complex 
methods of getting the sperm from the testis to the eggs that are 
found in a few cases amongst the great groups of animals, as in 
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earthworms, spiders, some cephalopods and leeches. The es- 
sence of these cases of indirect sperm transfer lies in the fact that 
while the sperm is transferred by organs, and not by floating, 
yet these organs either do not put the sperm into the egg passages, 
or else if they do they are not organs directly concerned with the 
discharge of sperm, or both may be true. In indirect sperm trans- 
fer there is no true copulation, or intromission, but at most con- 
jugation or clasping. 

The three methods are not always sharply separable, and may 
be regarded as only convenient groupings of physiological processes 
that occur here Andgthere among animals without reference to 
their systematic positions. The diffuse method is obviously the 
one open to the most hazard in the sperm and eggs meeting; the 
direct method by intromission the best assured method; the in- 
direct method most perculiar and needing special explanation in 
each case. 

In the crayfishes and lobsters most interesting cases of indirect 
sperm transfer occur, and it is the purpose of the present paper to 
describe the organs of the males that are used to transfer the sperm > 
to the receiving organs that have been described in previous com- 
munications (1, 2, 3). In these animals the male transfers the 
sperm to the outside surface of the female where it remains till 
the eggs are laid, when fertilization takes place outside the body. 
In the American lobster and the sixty and more species of cray- 
fishes of the genus Cambarus that are found in all but the most 
western parts of North America, the sperm on the shell of the 
female is stored in a special pocket, or receptacle, but in the other 
genera of crayfishes, all the world over, there is no such receptacle . 
and the sperm is believed to be distributed over the shell of the 
female in separate spermatophores. While the sperm pocket has 
been described (1, 2, 3) the organs of the male that fill the pocket 
have had only such consideration as was necessary for the sys- 
tematist, who found them to be of the greatest value in distin- 
guishing species and in forming subgenera. 

In the present paper the anatomy of the male organs is exam- 
ined and their use as organs of sperm-transfer is explained. 
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CAMBARUS AFFINIS 


While the sexual habits of all the species of Cambarus, agree 
in the main, the species affinis has been more studied, and as in 
describing the female organs concerned in sperm transfer we first 
considered this species, we will also give chief attention to the 
male organs of sperm transfer in this species. 

As elsewhere described (4, 5) conjugation is here a long series of 
activities of the male accomplishing the accurate adjustment of 
the essential transfer organs of the male to the receptacle of the 
female. The receptacle of the female is a single pouch in the shell, 
but the transfer organs of the male are three pairs of outgrowths. 
On each side of the body there is a papilla, or special termination 
of the sperm duct, and two limbs, those of the first and second 
segments of the abdomen, which we may call the stylets. 

To introduce the sperm into the receptacle the papilla must be 
adjusted both to the first and to the second stylet and both sides of 
the body play a necessary part in the process of sperm transfer. 


THE PAPILLAE 


One external instrument concerned in the process of sperm 
transfer is the modified end of the sperm duct that emerges from 
the base of the fifth leg, on each side of the animal. These organs 
are the papillae. 

Since systematic work has been done largely upon preserved 
specimens it is not so generally known that the sperm duct ends in 
life, in a soft, turgid protuberance, which may be so collapsed after 
death as to leave only the rounded hole in the firmer shell as the 
apparent ending of the sperm duct. These papillae lie concealed 
by the stylets, at rest, but on raising the stylets the papillae are 
seen as conspicuous, clear, tubes about 3 mm. long and 13 mm. 
wide, jutting out from the base of each fifth leg. 

At the time of conjugation the papillae are also concealed from 
view since the necks of the first and the second stylets form a 
nicely adjusted frame about the papillae and this frame is fitted 
in between the bases of the fifth legs. Certain in and out move- 
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ments of these bases seem to adjust the papillae so that they fit 
accurately into the orifices of the first stylets (figs. 30, 31) and by 
that means the sperm discharged from each papilla is passed into 
the cavity of the stylet. 

The papilla (P. fig. 1) is on the under side of the large first seg- 
ment of the leg and projects downward and toward the median 
plane; but its tip turns away from the middle line of the body. 
The papilla is a cone with bent apex. It is translucent and dis- 
tended with colorless blood. When directly injured, or upon les- 
sening of the blood pressure from injury elsewhere, the papilla 
collapses, being but a thin uncalcified protrusion of the skin, kept 
turgid, or erected, by blood pressure. Within the papilla one can 
see a large central tube passing toward the tip and also chalky 
white masses suspended between the central tube and the thin 
outer walls. 

On the shell at the base of the papilla there is, anteriorly, a 
single row of very long setae (fig.1 ) that form a sort of protective 
screen over the anterior face of the papilla. 

Sections show that the papilla is a continuation of the deferent 
duct, blood cavity and skin, so constructed that the bent, conical 
apex, with its soft walls can be adjusted to the hard opening of 
the stylet so as to fit hermetically, as a tense rubber bag might. 
Moreover the bent tip can be opened to discharge the sperm, 
when special muscles remove the obstructing valve that holds the 
tube closed. 

A lengthwise section through this delicate papilla (fig. 2) shows 
that the central tube is a direct continuation of the deferent duct 
that leads the sperm from the testes to the tip of the papilla. 
Between this duct and the outer cuticle there is a large space 
full of blood, traversed by little connective tissue and in it are the 
white bodies just mentioned, now seen to be small tubular glands, 
opening into the central duct. The central duct presents two 
strikingly distinct parts; the one continued from within the leg 
has the thick muscular wall and peculiar secreting lining of the 
deferent ducts, the other is lined by the thin cuticle inflected at 
the orifice at the tip of the papilla, and lacks muscle. In place 
of muscle the wall has only epidermis, which extends irregularly 
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Fig. 1 Posterior face of the left fifth leg of a living male 95 mm. long to show 
the translucent papilla. (P.) 2. do. 


Fig. 2 Longitudinal section through the papilla and the base of the fifth leg, 
showing the orifice of the sperm duct, the valve, the muscles and the glands. 
2. 90mm. A. 
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into the blood space as the tubular glands alluded to above. The 
orifice at the tip is small and is not closed by any muscle, but 
apparently by blood pressure only. The part of the tube lined 
by cuticle has its lumen much reduced by a valve, or great longi- 
tudinal ridge, which extends out as far as the abrupt bend at the 
orifice. Ina cross section (fig. 3) this ridge is well seen, as is also 
the fact that some muscle fibres run into it and that the glands are 
chiefly on the side opposite the ridge. The ridge appears to act 
like a valve to hold this part of the tube closed, while contractions 
of the muscle would tend to open the tube wide and let the sperm 
pass to the orifice, which would then be forced open by the internal 
pressure of the sperm squeezed by the muscles of the wall all along 
the length of the duct, or some extent of it at all events. 

The upper part of the duct, as seen in the cross section fig. 4, 
has its thick muscles arranged chiefly in transverse fibres and is 
lined by an epithelium that evidently in large measure breaks 
down to furnish a great mass of secretion about the sperms. It 
is probably this secretion that envelops the sperm in the form of 
macaroni-like tubes, when they pass out in a slow stream. 


THE STYLETS 


The most complex of the organs concerned in sperm transfer 
are the modified limbs of the abdomen which we will call the sty- 
lets. In the male the sixth pair of abdominal appendages form 
the large side parts of the tail fan while the third to the fifth in- 
clusive are the simple and apparently rather useless swimmerets. 
The first and second pairs are specially constructed to serve as 
transfer organs for the sperm. 

These appendages of the first and second somites are much 
stouter and longer than the following swimmerets and have a very 
firm attachment to the abdominal sterna. The calcified ridge 
across the middle of the sterna is much more developed in the 
first and second somites, and where the appendages are fastened 
it rises up as a decided elevation which remains as a stump when 
the appendage is cut off. On the second somite these stumps are 
far apart, (some 10 mm. in a male of 100 mm.) while on the first 


ORGANS FOR SPERM-TRANSFER 245 


Fig. 3 Cross section of the sperm duct and valve along the line 3 of fig. 2, 
showing the duct closed by valve ridge. 2. A. 

Fig. 4 Cross section of the sperm duct along the line of 4 of fig. 1, showing the 
muscular wall and the lining epithelium disintegrating in secretion. 2. A. 

Fig. 5 Extreme tip of right first stylet, showing the groove bottom coming to 
the surface, posterior face. 2. A. Ex. m.—the external mass. M.m.—the in- 
ternal mass. 13—the level of the section, fig. 13. 

Fig. 6 Diagram of stylet as in plate 1, fig. 1, to show location of glands in the 
interior, and the location of the sections, 7 to 13, shown in figs. 7 to 13. 
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somite they are in contact at the median line of the abdomen. 
The elliptical transversely elongated stumps of the first append- 
ages are 5 mm. long and those of the second about 3 mm. 

Commonly these appendages are carried forward horizontally 
under the thorax between the thoracic legs in a deep depression 
of the thoracic sterna. The first pair lie close side by side with 
their median faces in contact. The second pair lie over and largely 
conceal the first, since their form enables them to come to the 
middle of the body beneath the first pair in spite of the fact that 
their bases are attached to the sterna, so far from the middle line. 

In a dead male one may move the appendages upon their at- 
tached bases as follows: 

The first may be moved upon its base from the horizontal up 
toward the vertical only about 45°. The membrane on the anter- 
ior face of the joint at the base of the appendage is stretched to 
its limit when the appendage is pulled up a little beyond sixty 
degrees, so that this appendage is never vertical and cannot swing 
back and forth through a wide arc as do the ordinary swimmerets. 
The distance traversed by its tip issome twoem. The appendage 
may also be rotated a very little at its base and moved from side 
to side a little so that ts tip travels some 5 or 6 mm. 

The apex of the second may be drawn from the horizontal up 
a little beyond the vertical; but neither the basal protopodite 
nor the endopodite travels more than 90°. They are set together 
at a large angle, so that while the main length of the appendage is 
horizontal the basal part never is, and when the base goes back 
some 90 degrees the horizontal part is swung past the vertical 
line. The tip traverses some 38cm. The base may be rotated 
a little and moved from side to side so that the apex travels 6 or 
7 mm. 


STRUCTURE AND ANATOMY OF THE FIRST STYLET 


The first abdominal appendage of the male is a very stiff cal- 
cified mass of the general shape of an awl, some 17 mm. long, but 
having two tips. There is a groove along more than half its length 
and the base is articulated to the ventral shell of the anima’ so 
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that the appendage has very little mobility back and forth 
through some 45°. The normal position of the stylet is pointed 
forward under the thorax, where it lies horizontally in a deep 
groove, but in use it is dropped down and backward toward a 
vertical position. It has an anterior face, which is usually carried 
as the dorsal side, a posterior face which is usually the ventral 
aspect, and an outer and an inner or median face. 

The general appearance of the stylet is seen in the photographs, 
figs. I, II, 111,1v, which represent respectively the posterior, median 
(or rather median and posterior somewhat diagonally), the anter- 
ior and the outer faces of the same left stylet. Fig. 1, the posterior 
face, is the view got by looking at the under side of the crayfish, 
after lifting up the second stylet, which les over the first and 
largely conceals it. 

The first pair of stylets do not spring from the sternal surface 
far apart as is the case with the common, unmodified swimmeret, 
but they arise very close together; in fact the median faces, (fig. 
11,) of the two come into contact so that these two appendages really 
form one mass. If looked at from the dorsal side, the two are 
seen to lie in contact at the base and all along the distal half, 
leaving between the constricted parts of the two a square opening 
that is occupied, in rest, by part of the second stylet. 

In describing the stylet we will distinguish the base, the neck, 
and the scroll or spiral that contains the groove. The scroll ends 
in two tips, the more slender, side outgrowth, or spatula, and the 
real end bearing the groove, the canula 

The base is some 6 mm. wide and long and only 2 thick, being 
flattened from before back. ‘The posterior or ventral face of the 
base, fig. I, presents a wide groove bounded on the median side by 
a rounded knob and on the outer side by a long ridge which, as it 
passes on to the neck, bears a tuft of long, finely plumose setae, 
that are seen again in profile in figs. i, iv. In this deep groove 
the second stylet lies when not in use, so that the two appendages 
are firmly packed together under the thorax of the male. 

The part of the base joined to the sternum of the animal is an 
oblique elliptical area, around the edge of which the hard shell 
gives place to the soft articular membrane that makes it possible 
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to cut the whole appendage away from the sternum. In this 
membrane there is an articular, whitish plate that is seen in figs. 
m1 andtv. The whole base is pyramidal and except the posterior 
all its faces (figs. 1, 111, Iv) are convex and rounded. 

The neck is the narrowest part, before the sudden enlargement 
of the spiral part; it is the smallest of the three regions; and is best 
seen in figs. 11, 11,iv. The neck passes gradually into the base and 
ends abruptly at the spiral. It is some 3 mm. long and 2 wide 
and thick. It has an angle along the ventral face that continues 
the ridge of the base up to the outer part of the spiral. 

The spiral or scroll may be likened to a long triangular plate 
with its edges rolled in together so as to leave a groove between 
them, but it is a plate some 8 mm. long, with the edges greatly 
thickened, so that the resulting mass is apparently solid. The 
groove begins on the median side, fig. 11, and passes in a sinuous 
course to the ventral side and along this diagonally to the very 
tip. The apparent bifid nature of the stylet is due to an out- 
growth from the median part, quite separate from the real end 
of the organ, in which the groove is continued through its entire 
length. We have then to describe a sinuous groove and its two 
boundaries, which we will call the median mass and the external 
mass; and also the two tips. The external mass, seen from the ven- 
tral side on the right of fig. 1, shows a proximal part about 2 mm. 
long and 1 mm. wide, bearing a marked ridge parallel to its sides 
and continued up from the neck. And then it suddenly turns at 
a large angle and becomes a rounded and gradually tapering ter- 
minal part, something less than $ mm. wide at first, and 6 mm. 
long. This passes behind the slender protuberance of the median 
mass to end as a flattened, horny tip together with the like ending 
of the median mass. In other words both external and median 
masses unite as the horny tip that we will call the canula. The 
sudden change in direction of the mass is accompanied by a like 
change in the groove whose edge it forms; this change of the groove 
we will call the angle of the groove. 

Seen from the outer face, fig. 1v, the external mass is widely 
swollen proximally, some 2} mm. deep, and gradually narrows into 
the distal part. The round canula is bent somewhat, ventrally. 
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On the dorsal face, fig. 11, the external mass is confluent with the 
median mass, without boundary line. Thus the distinction be- 
tween the two masses is useful chiefly on the anterior face where 
they form the two sides of the groove. 

In fig. m1, the long triangular region running from the notch 
that marks off the neck from the spiral region and ending distally 
in the rounded and pointed canula, is to be regarded as made up 
chiefly of the median mass, but the depressed part along the left 
edge is part of the external mass. 

On the median face, fig. 11, (which is unfortunately turned so 
that part of the posterior face shows) the external mass shows 
only its preximal end along the side of the diagonal groove, and 
into this groove the external mass here sends a narrow horny shelf, 
dimly seen as light in fig. 11. The external mass has an angular 
projection, or lip, at the very beginning of the groove which will 
be deseribed in connection with the orifice of the groove. At the 
tip, part of the external mass is seen making the lower part of the 
canula, to the right, that is, the curved strip of external mass seen 
is flat and on a lower level than the median mass. 

On the ventral face, fig. 1, the median mass looks like a long 
rounded white bone that begins suddenly without apparent con- 
nection with the neck and, after running nearly straight for some 
6 mm., turns externally across the external mass as a flat, curved 
process that we will call the spatula. Beyond the spatula, which 
stands out freely as the second tip of the appendage, the median 
mass continues as the narrow median edge of the canula. From 
the external view, fig. Iv, the visible part of the median mass, the 
spatula is back of the external mass. 

In the dorsal view, fig. 111, the main part of the spiral region is 
median mass, forming a long triangle, beginning at a deep notch 
near the neck and extending in the foreground as the vis ble part 
of the canula and back of that as the spatula. At the notch may 
be seen part of the lip on the external mass. 

The median face best shows the median mass, but, fig. 11, beg 
not an exactly median view, does not do justice to it. In reality 
this face is markedly flat where it comes against the like face of 
of the other stylet of the pair. This flat face is a long ellipse, 2 
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mm. wide and 5 long, and is smooth except for a roughened area 
near its proximal end where there is a long tuft of finely plumose 
setae which bend abruptly downward, that is, posteriorly, as if 
an adjustment to the fact that they are pressed in between the 
two stylets. These setae are so long as to be visible from all 
points of view, cf. figs. I, 11, III, Iv. 

The groove itself is seen only from the median and ventral 
views. Itissome 7mm. long and begins as the orifice on the med- 
ian face where it meets the ventral, fig. 11. The orifice is a con- 
ical opening bounded by that depression of theneck that makes the 
notch so conspicuous in fig. 111, by the rounded origin of the me- 
dian mass, fig. 11, and by the overhanging lip of the external mass. 
It is of such shape that the tip of the spout, fig. 1, can fit into it. 
The groove leads from the orifice obliquely outward and distally 
between the external and median masses some 3 mm. and then 
turns to make a rounded angle, fig. 1, toward the median line 
some 3mm. more. In this part of its course it is soon concealed 
behind the median mass that is rising to form the base of the spat- 
ula, but it still exists there and emerging again runs the entire 
length of the spatula as a very narrow slit with horny edges. 
The groove is thus a long double curve, bending abruptly outward, 
then forward and slightly inward and finally outward again, as 
seen from the ventral side. But it also bends in the vertical plane, 
passing downward, then forward and upward and finally a little 
downward at the tip. While the walls of the groove seem to be 
merely hard rounded bone there projects into the groove from the 
side a narrow shelf of horn that springs from the external mass 
only. This will be seen in sections. 

The spatula is a flat flagellum-like process some 2 mm. long, 3 
wide and perhaps } to io thick. It is curved and pointed as seen 
in the figures. It springs from the median mass where this sud- 
denly narrows to help form the canula, fig. 11. In life the spatula 
is milky white and pliable, not bony, more like leather. At its 
base it passes suddenly into the bony walls of the median mass 
and there can be bent as if in a socket. After drying it looks 
more like a thin chitinous membrane over a dried contents. It 
is somewhat concave at the base on the dorsal face. With methyl 
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green the horny tip of canula and the shelf in the groove stand out 
clearly as distinct from the substance of the spatula. 

The canula is some 3 mm. long and at base ? mm. wide and thick. 
It is a long cone, flattened somewhat from before back, bent up- 
ward dorsally, and ending in a rather sudden point that bends 
outward from the median side. The canula is made up of both 
external and internal masses. Most of the length of the canula 
is clear, yellow, horny matter, but at the base this is continued 
as the white calcified material of the rest of the stylet. The bone 
of the external mass stops rather suddenly, while that of the med- 
ian mass is continued in the midst of the horny cap as a central 
area, as seen from the median view. An enlarged view of the tip 
of the canula, fig. 5, shows that both external and internal masses 
make about the same amount of the canula, since the groove 
continues sinuously almost to the exact tip of the organ, but yet 
there is a greater prolongation of the external mass to form a short 
ungrooved apex. This sketch is from a canula of the opposite 
side of the body from that in fig. 1. The two canular tips flare 
away from one another. 

The groove may be said to begin and to end on the median face 
and to be shoved away from it through most of its course by the 
ridge that we have called the median mass (fig. 1.). 


INTERNAL ANATOMY 


When the stylet is macerated some days the entire contents 
may be drawn out of the hard shell; such a cast of the shell has its 
general long conical form with a short conical tip that came out 
of the canula and a short flat plate that came out of the spatula. 
It is made of connective tissue and blood covered with epidermis 
with some red pigment cells and shows at the base some muscles 
and at the middle some glands. 

The muscles, as made out by dissection of fresh and preserved 
crayfishes, are weak and run from the base of the stylet into the 
adjacent ridge of the sternum upon which the stylets articulate. 
There is a wide thick fan of muscle that passes from the bony 
articular plate of the anterior face of the stylet, fig. m1. When 
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this is pulled the stylet is raised dorsally into its position of rest. 
Since it lowers the organ into the groove on the thorax it may 
be called the depressor, though it really swings the appendage for- 
ward. 

This depressor muscle is lodged in the protruding ridge of the 
sternum from which the stylets spring, and its fibres are made 
fast to the posterior wall of this ridge. There is also a smaller 
muscle attached to the base of the stylet at its external edge which 
would seem to antagonize the other and to tend to swing the sty- 
let backward, that is, to raise it up from its horizontal position 
of rest into the erect position of use; it may be called the erector 
muscle. ¥ 

The internal anatomy of the stylet as well as the character and 
mode of use of the groove, were made clear from sections. 

The diagram fig. 6 shows the ventral view of a left stylet as if 
transparent, the extent of the glandular area being shaded; the 
glands occur in both external and internal masses, but not in the 
base of the stylet, and they extend from the neck to near the ori- 
gin of the spatula, filling most of the cavity of the region in 
which they occur. 

The sections, (figs. 7 to 13, inclusive), were taken across the 
stylet along the planes indicated by the like numerals in fig. 6. 

The transverse section, (fig. 7) shows in black the exceedingly 
thick shell with the depression on one side that forms part of the 
orifice of the groove, overhung by the solid lip. Through the 
thickness of the shell that forms this part of the orifice are seen 
many fine tubes, passing from the internal glands to discharge on 
the surface. The interior of the stylet is a delicate mass of con- 
nective tissue, chiefly blood sinuses, crossed by few strands of 
tissue, and bounded by the thin epidermis against the shell., 
Seattered all through this are the tubular glands that bend and 
are cut at various angles. These glands ultimately discharge by 
the numerous fine ducts that penetrate the shell. In this section 
the sharp angle above is the ridge (R) seen in figs. 6 and I passing 
along the external mass. The angle to the right is the line be- 
tween the ventral and external faces of the external mass. 
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Sections 8 and 9 show the orifice passing into the groove; they are 
cut obliquely transverse and, in addition to the section of the first 
stylet, show also the section of the second stylet as it lies locked in 
the first. Disregarding for the present all but the lower part of 
the sections we see that the stylet has widened out from the con- 
stricted neck into a wide flattened mass sub-divisible with refer- 
ence to the groove into the external and median masses. In 


Fig.7 Section across the stylet, in the region of the neck, just below the orifice, 
on the level 7 of fig. 6. R—the sharp ridge on the external mass, fig. 6 and 1. 
2. 90mm. A. 

Fig. 8 Cross section of the same at the level 8, showing the groove above the 
orifice filled by the head of the accessory stylet, which is the separate.mass lying 
to the left and above. 2. 90 mm. A. 


fig. 8 the orifice is so overhung by the lip as to be in section a C- 
shaped bay, embracing the head and neck of part of the second 
stylet. Here again the shell is remarkably thick, but is penetra- 
ted by the ducts of the glands discharging on the surface that lines 
the orifice. In fig. 8 the lower straight side to the left is the flat 
face that is normally applied against its fellow on the outer side 
of the body. Above is the angle (R) that represents the ridge of 
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the external mass, just as in fig. 7. In the interior some of the 
glands are very large. The section distal to this, (fig. 9) shows 
the bottom of the groove receded from the surface and constricted 
from the rest by the continuation of the lip so that it forms a 
rather elliptical hole with only a very narrow slit opening into the 
deep groove that is seen from the surface. This surface groove 
is bounded on the left by the greatly thickened shell substance of 
the median mass and on the right by the thick shell of the external 


Fig.9 Cross section of the same at the level 9, showing also the grasping second 
stylet, above, and its wedge, to the left, where it is entering into the groove of 
the spiral. 2. 90 mm. A. 

Fig. 10 Cross section of the same at the level 10, showing the bottom of the 
groove cut off by the shelf from the external mass. 2. 90mm. A. 

Fig. 11 Cross section of the same, at the level 11, showing, above, the base of 
the spatula. 2. 90mm. A. 
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mass. The cavity within the shell of the external mass is reduced 
to a narrow space and the glands have become few. 

Further along the stylet, (fig. 10) the groove has passed from 
opening to the left (fig. 8), through the position shown in fig. 9, 
to open more toward the right. The groove is a deep and narrow 
one. Into it still open some few gland ducts from the remaining 
glands of the median mass. As before the side walls of the groove 
are made of very thick shell. The most unexpected fact is that 
the bottom of the groove is shut off as a very minute hole overhung 
by the continuation of the lip, which is now a horny shelf passing 
all along the groove, near its bottom, and so nearly meeting the 
opposite side as to practically shut off the bottom of the groove 
as a special tube. This figure shows the form of the stylet at the 
level, 10, of fig. 6. The flat side to the left is the flat face of the 
median mass, while the rounded edges of the groove are the two 
narrow parts of the external and median masses seen from the 
ventral side in figs. I and 6, just proximal to the base of the spatula. 

A section through the base of the spatula, (fig. 11) shows the 
groove above overhung by the rising spatula that conceals it 
from surface view, (figs. 1 and 6) but still allows access to the 
groove from the right, in under the spatula base. The external 
mass (#zx. m.) is now the greater, but it contains no glands, while 
the median mass is reduced to a nearly solid shell prolonged as 
the slightly hollow spatula. The tube at the bottom of the groove 
is still there, overhung by the little chitinous shelf. 

Near the apex of the organ, (fig. 12) the groove is again open 
above, as we have passed beyond the base of the spatula, only the 
tip of which is cut, lying well over to the right. This figure being 
magnified twice the diameter of the preceding figures, shows 
plainly the shelf that cuts off the bottom of the groove. The 
median mass is a narrow and nearly solid shell that forms the left 
wall of the straight, deep groove, The external mass is the main 
part of the section and contains much very watery connective 
tissue, covered with epidermis. In this section, the calcified 
part of the shell is represented in black, as in the other sections, 
while the chitinous or horny parts are dotted. From the surface 
this region of the canula looks to be only chitin. Farther on the 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 2. 


256 E. A. ANDREWS 


calcified part of the shell fades away and only pure chitinous 
matter is left, so that a section at the very tip of the canula, (fig. 
13) is only chitin. This view is enlarged four times as much as 
the preceding one and shows the disappearance of the superficial 
part of the groove though the bottom, which is now close to the 
surface, is still overhung by the shelf from the external mass. 
That is the tube at the bottom of the groove can now discharge 
by a slit to the surface at the tip of the canula; see fig. 5, where the 
surface slit of the groove is represented by the black line and the 
bottom of the groove, or the tube, is represented by the dotted 
line, which comes finally to the surface at the tip as seen in the 
section across the level 13. As fig. 5 is of-a right stylet and the 
section 13 from a left stylet it shows the parts reversed; the main 
bulk of the section is really of the external mass, as in fig. 12. 

The specialization of the bottom of the groove had not been 
expected till sections revealed it and suggested some special use. 
Sections of stylets taken when being used in conjugation soon 
showed that the tube at the bottom of the groove is the channel 
for the transfer of sperm. Along this minute tube all the sperm 
passes from the papilla to the sperm pocket of the female. A 
section across the stylet where the median surface bears a tuft 
of setae, between the levels of 8 and 9 of fig. 6, when sufficiently 
enlarged, shows that the sperm is contained inside the tube of the 
groove, as in fig. 14. This shows only the part of the shell about 
the tube, with the sharp edge of the shelf above, jutting out to 
almost meet the wall of the median mass (see fig. 9). The cavity 
of the tube is full of a secretion containing at its centre a pear- 
shaped mass of the peculiar sperm of the crayfishes. As was 
shown (6) these sperm do not assume the star shape they have in 
books as long as they are in the male and not even when in the 
sperm receptacle of the female when normally protected from the 
water, and in this section, where they are seen in transit, they 
are still spherical, clear bodies with the peculiar bowl-shaped 
central part that, as represented in the sketch, might be thought 
a central nucleus. All along the groove above the orifice thereis 
thus a strand of sperm surrounded by a paste-like white mass 
that fits tightly into the tube. 
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Fig. 12 Cross section of the same near tip, at level 12, showing the spatula cut 
off to the right. 2. A. 

Fig. 13 Cross section of the very tip of the stylet, at the level 13, of figs. 5 and 
6, showing the groove coming to the surface of the horny canula. 2. D. 

Fig. 14 Enlarged view of section across the tubule, between the levels 8 and 9 
of fig. 6 showing the sperm cells enveloped in a secretion and shut in by the shelf 
above. 2. D. 

Fig. 15 Enlarged view of section of tubule and bottom of groove, about the 
level 10 of fig. 6 showing the fewer sperm and little secretion in the tubule, sur- 


rounded by a thick horny layer. The calcified skeleton is represented as black. 
ee): 
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That this mass is run in under pressure seems indicated by the 
way it tends to flow out at the narrow slit leading up from the 
tube into the groove and by the form of the sperm mass that 
tends likewise to copy the shape of the cavity that is filled, being 
pointed toward the slit (fig. 14). In successive sections this sperm 
mass 1s found all along the length of the groove, always in the 
bottom of the tube only, while the enveloping secretion for the 
most part disappears. Thus in the fig. 15 from the level 10, 
where there are still some secretion tubes coming through the 
heavy shell of the median mass, (fig. 10) there are a dozen or so 
sperm enclosed in the minute tube together with very little secre- 
tion and the sperm seem to come into contact with the shell. 
At this level, however, the thick and well-calcified shell (fig. 10) 
is covered by a thick layer of horny substance that makes the 
shelf and continues on up the face of the external mass bounding 
the groove, (fig. 15). The discharge of the milk-white sperm from 
the tip of the canula, (figs. 5, 6 and 13) was seen in some males 
separated from females in conjugation. 

The anatomy of the stylet thus shows it to be a more refined and 
specialized tool for sperm transfer than had been expected. It is 
essentially a very fine tube receiving sperm at its larger base and 
discharging it at its attenuated tip; but it has walls that give it 
great strength and rigidity while allowing the tip some elasticity. 
Moreover the receiving part of the tube is provided with glands 
of problematic value. 

In looking for further light upon the nature of this sperm trans- 
fer organ we turn to its development in the individual. 


ONTOGENY OF STYLET 


We find that in Cambarus affinis the first and second larval 
stages are externally alike, in both sexes, while the third shows 
the male openings on the fifth legs, or the female on the third 
legs. In the first stage, there are no abdominal appendages on the 
first somite and but a crowding of epidermal nuclei under the 
shell where the appendage will be. In the second stage, these 
appendages are slight papillae. These indifferent stages are fol- 


ORGANS FOR SPERM-TRANSFER 259 


lowed by the third, in which the external openings are differen- 
tiated but the appendages of the first somite are still simple papil- 
lae, alike in both sexes, unless they be longer in the male. 

In the fourth stage, which is about 11 mm. long, the pleopods 
of the female still are simple papillae but little longer than in the 
third stage, while in the male they are long, simple spines, point- 
ing toward one another and but slightly forward, as indicated 
in fig. 10 p. 127, Andrews, Ontogeny of Annulus, Biol. Bull., 
1906. 

The ventral face of the left spine or slightly specialized first 
pleopod, of a male 11 mm. long, is seen in fig. 16, magnified 430 
in the camera sketch. This is from a larva killed July Ist, from 
late spring hatching. The organ is like a club; it is very simple, 
nearly cylindrical and very blunt. It is not jointed, although 
there is a faint groove marking off the base from what will be 
the neck and spiral. 

On the base there isaslight ridge with depressions on the median 
side of it. Internally there are two muscles from the base into the 
sternum of the abdomem ‘The distal part of the appendage is 
slightly grooved along its ventral face, thus marking off an exter- 
nal from a median mass. In cross section, fig. 17, the shell is 
not very thick and beneath it is a well formed epidermis with 
large nuclei, from which connective tissue strands traverse the 
large blood space in which blood corpuscles float. This section 
shows the groove on the lower side. The appendage is articulated 
to a slightly elevated stump on the sternum that holds one of the 
articular muscles and part of the other and ends in an elliptical 
orifice into which the base of the stylet fits. This articulation 
is so. oblique that the stylet lies down and cross-wise towards its 
fellow and is but little elevated or directed forward. 

In the male of this stage, the openings on the fifth legs are short 
slits, not a third of the width of the above simple stylet, and to 
each slit there leads a strand of nuclei that represents the efferent 
duct. 

In males of 15 to 18 mm., in the fifth stage, the stylet (fig. 18) 
is about 1 mm. long and is somewhat more specialized. The 
base is set off from the terminal part by a more pronounced fur- 
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Fig. 16 Posterior face of left first stylet of male 11 mm. long. Enlarged 215 
diameters. 
Fig. 17 Cross section of the same stylet. 2. D. 
Fig. 18 Posterior face of left stylet of male 18 mm. long. Length of stylet 
*imm. 2. A. 
Fig. 19 Section of stylet of a male 12 or 15mm. long. 2. D. 
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row, but there is no movable joint. The organ is more pointed 
and the groove is very deep from the rising up of its sides. Thus 
in section fig. 19, the narrow median mass, (M.m) to the left, 
rises high up beyond the groove and the groove itself is a narrow 
space between the wide external and the narrow median masses. 
In the surface view, (fig. 18) the bottom of the groove is indicated 
by the broken line; it is already twistetl so that the groove looks 
towards the median side along its proximal part and then for a 
short distance toward the observer, that is toward the ventral 
side, and finally at the tip toward the median side again. Where 
the groove is open ventrally the median mass is rising up as a 
protuberance that will form the spatula. As yet the canula is 
only the spoon-shaped end of the organ. 

In a male 22 to 21’mm. long and probably in the sixth stage, 
(fig. 20) killed October 4th, we find the same stage as in other 
males of this size killed in July, this being an exceptional male that 
failed to grow as the average do to be nearly two inches long in 
October. Here the spatula is quite evident as a blunt rounded 
finger-like elevation that crosses over the groove. As shown by 
the dotted line the bottom of the groove is to the right of its mouth 
along the proximal part of its course and to the left along under 
the base of the spatula; that is, the sinuousness of the groove. is 
exaggerated by the fact that the sides not only rise up but grow 
over the groove, the external mass overhanging toward the medi- 
an line proximally and the median mass growing over away from 
the median line, distally. The base of the stylet now bears a few 
short acicular setae and is provided with three muscles at its at- 
tachment to the sternal elevation upon which it stands. By this 
time the stylets point forward under the thorax. The canula is 
now a short rounded blunt termination of the stylet in which the 
groove is no longer widely open but reduced to a slit by the up- 
growth of its walls. 

In an autumnal male 38 mm. long, (fig. 21) the stylet has be- 
come much longer and more modeled but still shows the stiff 
joint between the base and the partly-formed neck. The few 
setae extend along the ridge of the base on to the proximal part 
of the external mass. The median mass sticks out abruptly at 
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Fig. 20 Posterior face of left stylet of male 22 mm. long in October. 2. A. 

Fig. 21 Posterior face of left stylet of male 38 mm. long in October. Enlarged 
25 diameters. 2. 90 mm. A. 

Fig. 22 Anterior face of left accessory stylet, somewhat turned to show part 
of the external face: a view between vit and vill. 2. a ,. On the left an en- 
larged sectional view of the cup at the end of the radius and the wedge cut off. 
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the notch, or orifice, and bears a tuft of short setae. The spatula 
is long, flat and pointed. The canula is bluntly pointed and 
turned outward. 

Later when the animal is 64 mm. long, the false joint of the 
stylet has disappeared and the tips become more sharp and long. 
Even before this size the males are known to conjugate, when 
about two inches long. 

We thus find that the complex stylet of the adult starts from 
a slender papilla that becomes slightly flattened and grooved so 
as to form a very clumsy spoon with its depression rather more 
median than ventral. Then the sides of this groove grow up and 
make the groove into a cleft, which opens as before toward the 
median face proximally and distally; but along the middle of its 
course is forced to open ventrally and even externally by the over- 
hanging growth of the median mass. The organ might be imi- 
tated by taking a long strip of clay with a slight length-wise groove 
on it and rolling the sides up over the groove, the median side 
tending to roll over outside the other. How the shelf from the 
external mass first grows out over the groove to cut off its inner 
part as a tube was not made out, but it is evidently a secondary 
specialization of the shell made by some special activity of the epi- 
dermis in a line near the bottom of the groove after the groove has 
become deep. 


THE SECOND OR ACCESSORY STYLET 


The accessory stylets (figs. v-vir) are evidently specializations 
of the common type of abdominal appendages, (fig. 26). They 
are elevated only when in use in conjugation; and at rest are car- 
ried forward under the thorax, horizontally, where they rest upon 
the first stylets and are closely packed in with them inside the 
special sternal groove of the male thorax. 

Figs. v, VI, VII, vi, represent the left second stylet as seen from 
the ventral or posterior, the median, the anterior or dorsal, and 
the exterior faces, respectively. Like the unmodified pleopods 
this has a basal protopodite, an exopodite, an endopodite. The 
exopodite is a slender offset with setae, while the endopodite is 
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the complex large part of the appendage that bears a terminal 
flabelum and the remarkable side protuberance, found on no other 
limbs, which may be called the triangle. 

Describing the entire stylet from the base outward, we see 
that the protopodite is chiefly a very strong flattened bony mass 
extending diagonally inward so that while the endopodite and ex- 
opodite are about parallel to the median line of the animal the 
protopodite forms an angle of 45° with it. This makes it possible 
for the endopodites of the two stylets tocome together at the me- 
dian line and for the endopodite of each side to lie upon the groove 
of the base of the first stylet, like a lance in its rest, although the 
bases of the two second stylets are fastened to the sternum of the 
second abdominal somite some distance from the median line. 
The protopodite is not entirely one-jointed but at its base is a soft 
membrane where it is joined to the sternum and in this are two 
large calcified plates, (figs. v and vr) besides two minute ones, 
(fig. vit) all of which together make a narrow basal section of the 
protopodite. Dissection shows there are muscles passing from 
this base of the protopodite into the sternum that may depress 
and elevate the appendage. 

The protopodite is some 6 mm. long, 2 wide and 14 thick. The 
exopodite is a slender filament some 9 mm. long and 4 mm. thick; 
a slightly flattened tapering cylinder set with long setae on exter- 
nal and median face. The setae are really plumose and together 
form a sparse brush. The exopodite is obscurely divided into 
some twenty segments. The basal 2 mm. is partly calcified, the 
rest membranous. It articulates freely with the outer distal 
corner of the protopodite so that it may be moved from the posi- 
tion of rest parallel to the endopodite, outward through 90° and 
swung back and forth some 45°. The tip of the exopodite often 
lies dorsally within the cavity or hollow of the triangle, and may 
have some use as a cleaning brush. 

The endopodite is the stout calcified mass, roughly cylindrical 
but flattened from before back, some 9 mm. long on the median 
(fig. vt) and 7 mm. on the external face (fig. vim), and bearing at 
its distal end a flagellum on the external side and the flat triangle 
on the internal side. This bony mass is set on the protopodite 
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by a very stiff oblique joint at about 45° and allows of very little 
lateral and rotative motion. It may be forced outward and in- 
ward through but few degrees, its tip traveling only 4 mm. _ It 
may be twisted so that the triangle, from being almost concealed 
dorsal to the end of the bony mass (fig. v), may be turned outward 
a few degrees toward a horizontal position and present more of 
its median face, somewhat as in fig. v1. The movement is com- 
parable to that of a stiff arm that should allow only a little side- 
wise movement and a very little twisting at the elbow with the 
end result that the triangle, or hand, at the end, accomplishes a 
little adjustment to the orifice of the first stylet. This is done as 
if by supination, though done by the above twist at the elbow. 

The flagellum is the real termination of the endopodite; it is 
some 3 mm. long, 1 mm. wide and rapidly tapering, also flattened, 
being a long triangular terminal tip to the essentially flat endopo- 
dite. By the presence of white lateral areas in the otherwise mem- 
branous flagellum, it is obscurely divided into 9 or 12 joints. At 
the tip and along the sides it bears long plumose setae that are 
often sparse or worn off along the outer side. The flagellum 
springs from a socket in the bony shell of the wide end of the endo- 
podite. The external angle of the edge of this socket, figs. v 
and vi, forms a hard protuberance at the end of a bony ridge 
(the Guide). The setae along the flagellum as well as those 
along the exopodite do not stand out horizontally, right and left, 
but slant ventrally, or posteriorly, (fig. vir). 

The most novel and characteristic part of the second appendage 
of male crayfishes is the lateral outgrowth which we will call the 
triangle. It is a form of the Decapod appendix masculina of 
Boas. The triangle stands up dorsally so that at rest, it, with its 
fellow of the other side of the body, fits into the squarish cavity 
left between the two necks of the first stylets. It is not well 
seen normally from the ventral view, (fig. v) but it may be pulled 
outwards through 90° and then looks as in the median view (fig. 
v1). It isa flat triangular outgrowth, partly calcified and partly 
membranous. The edges are calcified and the centre membran- 
ous, so that the whole suggests a bent arm or wing with skin 
stretched across it. Each long side of the triangle is about 3 and 
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the shorter base about 2mm. The bony rims of the triangle as 
seen in fig. vi may be called the humerus and the radio-ulna. 

The distal free part of the apparatus, (figs. v1, vir) is a tri- 
hedral mass set with long plumose setae and might be likened to a 
sort of hand at the end of the fore-arm. We will call it the wedge 
from its appearance and use as seen in sections (fig. 9). 

The humerus articulates at each end; proximally loosely with 
the side of the exodopodite mass, (fig. v1); distally at the elbow, 
firmly with the other firm edge of the triangle, the radio-ulna. 
On the external or concave face of the triangle, (fig. vit) the hu- 
merus is not as well separable from the membranous part of the 
triangle, and between its proximal end and the bone of the main 
mass of the endopodite there is more or less expanse of membrane. 
On this outer face, (fig. vimr) we find that all the concave aspect 
of the triangle is membranous. 

The humerus is wide and smooth and flat on the inner face, 
fig. v1, but on the outer face forms only a narrow edge to the mem- 
brane, fig. VIIt. 

The soft hollow face of the triangle in lifeis swollen with contained 
liquid. The soft area is not only the outer face of the triangular 
protuberance but also half of the dorsal face of the distal part of 
the main trunk of the endopodite. 

The whole darkened area of fig. vi11 might be compared to the 
soft inside of the palm of a hand and it is this which comes against 
the neck of the first stylet, in conjugation. 

While the humerus is wider toward the base and slender at 
the elbow end, the radio-ulna is the reverse; that is, it begins nar- 
row at the elbow and widens to the hand or terminal part.. The 
radio-ulna is a thick plate-like mass that is not in the same plane 
as the humerus, but about 45° with it, so that it has the appear- 
ance of a scroll rolling in over the depressed membranous outer 
face of the triangle, (figs. viz, vit). The radius part is the free 
rounded edge, (fig. vit) and this ends abruptly opposite the base 
of the hand, which is back of it in the figure, while the ulna plate 
runs on continuously in the background of this figure and passes 
imperceptibly into the hand, or wedge, (fig. viz). 

The radius stands free, away from the membrane, as a rounded 
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bony ridge much thicker than the ulna plate from which it is 
faintly marked off by a suture. Thus in sections (fig. 8), the 
radius looks like a head on a slender neck. The abrupt termina- 
tion of the radius is very like the elbow end of the human radius, 
a shallow cup. The actual cup is made by clear horny matter of 
considerable thickness and is prolonged as a horny sharp ridge all 
along the radial edge of the pyramidal wedge. The head of the 
radius stands out as wider than the neck (fig. vir). 

The ulna is but a vaguely defined thick area of the general 
shell and it continues as the hand or wedge, which is, next to the 
head of the radius, the most peculiar part of the triangle. This 
wedge is a hard horny pyramid of three faces. One is rounded 
and setose, two flat, meeting at a sharp edge, (see small sketch, 
fig. 22). Its exposed rounded face (figs. v1, vi1) is set with a dense 
brush of plumose setae. The external or ulnar face (fig. vi) is 
smooth bone, bearing setae along its right edge and ending, to the 
left, in the sharp horny ridge that runs up from the head of the 
radius and is shown as a dark shade in fig. v. The concealed 
innermost face is bony and contains orange pigment; along its 
left edge it bears setae (fig. vim), and its right edge is thesharp 
horny membrane that runs up from the head of the radius. In 
the union of this face with the soft membrane of the concavity of 
the triangle there is a bony articular plate. 

The photographs donot represent one feature of the triangle and 
that is the small tuft of some five or six, or so, very wiry bent 
plumose setae that spring from the elbow of the triangle and, for 
the most part, curve so as to lie down close to the soft membrane. 
These setae are roughly shown in fig. 22 at the elbow. This also 
gives in the side sketch, an end view of the head of the radius as 
seen when the base of the wedge was cut off and the stump of the 
ulna and free end of the radius viewed from the face where the 
wedge had been. This is intended to show the head of the radius 
as a rounded saucer with flat bottom, not deep, but with flaring 
and rounded sides that form a rim thicker than the neck of the 
radius below. The cut off setae in this figure are the bases of those 
on the union of ulna and wedge, just above the level of the line 
23 in the main fig. 22. 
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INTERNAL ANATOMY OF THE SECOND STYLET 


Dissections and sections showed the presence of the same gen- 
eral structures as in the case of the first stylet, with the important 
difference that the special glands of the tube of the first stylet are 
absent and on the other hand the intrinsic muscles that are ab- 
sent in the first are well developed in the second stylet. The 
muscles are arranged as in the younger stages (figs. 27, 28). Be- 
sides the three muscles at the base that pass into the sternum of 
the second abdominal somite a very short distance there are long 
muscular strands within the stylet itself. 

The protopodite springs from a considerable elevation of the 
sternum and in the adult two muscles were found within this 
elevated articular region. Pulling one tended to depress the sty- 
let into its position of rest while the smaller muscle was thought 
to be probably concerned with the erection of the stylet. Pull- 
ing all the basal muscles made the stylet not only he down but also 
move toward the median line, which would enable it to fit in nicely 
with the first stylet. Some of these extrinsic muscles extend a 
distance into the protopodite itself, to be attached to the shell. 
There are also long strands arising from the shell of the protopo- 
dite and running to the exopodite and the endopodite. Those of 
the exopodite seem associated with the basal muscles, so that pull- 
ing the muscle in the sternum made slight twitching movements 
of the exopodite, simulating those seen during conjugation, which 
may thus be caused by contractions of the muscles that hold the 
entire appendage in position. Pulling the muscles that are in the 
distal part of the protopodite made both exopodite and endopo- 
dite move dorsally and also away from the median plane. 

The muscles that move the exopodite are better developed than 
those of the endopodite. Within the exopodite there is a long 
intrinsic muscle that would seem fit to bend the slender filament 
slightly. Inside the endopodite, beside the slight muscles of the 
base concerned with the movement upon the protopodite, there are 
in the adult two slight threads that represent the muscle seen in 
early stages (figs. 27,28) passing from the terminal flagellum down 
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into the region whence springs the triangle. These muscles are 
seen in the sections of the triangle (figs. 23, 24) as two black dots. 

These sections, with those in figs. 8, 9, show the anatomy of the 
triangle. Fig. 23 is a section along the line 23 of fig. 22. The 
great thickness of the calcified shell is shown by the black mass. 
The membranous parts are shown by the thin black, as to the left 
in fig. 24. The cavity within is blood space traversed by connec- 
tive tissue strands and faced by epidermis against the shell. In 


Fig. 23 Cross section of the triangle on the level 23 of fig. 22. 2. 90mm. A. 
Fig. 24 Cross section of the same about the level 24 of fig. 22. 2. 90 mm. A. 


fig. 23 the triangle and the distal part of the protopodite are cut 
across with the hollow face to the left. The dense shell mass to 
the left above is the guide ridge, (fig. vimr) which somewhat over- 
hangs the cavity of the triangle and bears on its median face some 
setae, (fig. v1), which are connected at the root with the epidermis 
by the long canals of which one is seen to the left (fig. 23) pene- 
trating the shell. Opposite this on the median face of the endo- 
podite there are also a few setae which do not appear in the 
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photograph (fig. v) but present one of their canals in the shell of fig. 
23, to the right. In contrast to the excessive thickness of the shell 
of this main stem of the endopodite, the triangle, as repre- 
sented by the lower part of this section, is relatively thin shelled. 
The radius is the thick knob in the lower left corner. The shell 
to the right is the ulna, the thick mass against the concavity of the 
triangle is in reality more membranous than calcified, but as yet 
thick. But further toward the elbow (fig. 24) along the line 24, 
(fig. 22), the corresponding region is a thin membrane reaching 
from the neck of the radius across to the thick guide ridge. In 
reality the elbow stands out more as in fig. vir so that the width 
of the section 24 is much greater than fig. 28. Fig. 24 shows 
clearly, on the right, the hinge-like line of demarcation between 
the outstanding triangle and the main stem of the endopodite, 
being in fact cut at the edge of the proximal articulation of the hum- 
erus (fig. vr), where there is a sudden change in level in passing from 
the humerus to the main stem. In sections 23 and 24, the small 
black dots above within the connective tissue, are the muscles 
that run up into the flagellum, much as in fig. 28. 

Section 8 shows the radius standing out from the flat triangle 
with the thick mass of the humerus above in the figure, while 
fig. 9 shows the thick end of the endopodite above and in the 
groove of the first stylet the cut off wedge, as will be described 
below in considering the adjustments of the first and second stylets 
during conjugation. 


ONTOGENY OF THE ACCESSORY, OR SECOND, STYLET 


Between the individual development of the first and the second 
stylets there is this important difference that while the first never 
at any time looks like one of the ordinary pleopods but is of late 
appearance and is also a dwarfed, specialized, or reduced append- 
age from the first, the second appendage is present as soon as the 
others are and is at first like the ordinary appendage and becomes 
specialized by the addition of an outgrowth and not by the loss 
of parts. 
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The pleopods of the second, third, fourth and fifth somites 
of both males and females are represented at the time of hatch- 
ing and all alike have the appearance seen in fig. 26 which is mag- 
nified 75 diameters and represents the anterior face of the third 
left pleopod of a male'18 mm., in July, when in the fifth larval 
stage. The pleopod is flat and translucent; the endopodite (/n.) 
is longer than the exopodite (#v.) and both are fringed by long 
setae that are really plumes, though not so figured. Both endo- 
podite and exopodite are obscurely jointed and the protopodite 
has a short annular segment as well as a long main segment. 
Through the thin shell may be seen the muscles, represented by the 
dotted lines. At the base are three large and one minute muscles; 
two of the main three are posterior and one anterior, and appar- 
ently the movement of the entire appendage would be a more 
powerful backward swing and weak forward recovery, as in swim- 
ming. Within the main segment of the protopodite are three 
long muscles that would seem to aid in bending the appendage at 
its base, while distally there are two muscles which both go to the 
exopodite to move it. The endopodite is left with only intrinsic 
muscles to move it at its base and with a long branched muscle 
that can act only to bend the endopodite itself. The exopodite 
has also intrinsic muscles at its base as well as the muscles of the 
protopodite to move it. There is likewise a long branched muscle 
to bend the exopodite. 

In the early stages the second appendage of the male is quite like 
this third pleopod, but in a male of 21 mm. (probably in the same 
larval stage as the male having the third appendage shown in fig. 
26) we find the pleopod of the second somite modified as in fig. 
27, that is, there has been added to it the excrescence seen on the 
median side of the endopodite. This is to become the triangle or 
appendix masculina of the adult. 

The first discovered trace of this outgrowth was seen in a larva 
of the fourth stage, 11 mm. long, in July. This first beginning 
of the triangle is the slight elevation (a) seen in fig. 25, on the side 
of the endopodite. This figure represents only that part of the 
endopodite which is not well jointed and forms a sort of base 
beyond which is the more flabelliform distal part, (fig. 26). It 


JOURNAL OF MORPHOLOGY, VOL, 22, NO, 2 


At E. A. ANDREWS 


will be noted that the row of plumes on the right, or median side 
of the endopodite (fig. 25), is interrupted distally so that there is 
a blank space where one would expect one or two setae, and in 
this space there protrudes to the right a rounded elevation. The 
position of this slight elevation with reference to the muscles leaves 


Fig. 25 Posterior view of basal part of the endopodite of the accessory stylet 
of amale 11 mm. long. Enlarged 215 diameters. 


no doubt that it is the same thing as the larger elevation of the 
next larval stage (fig. 27). In the preparation the epidermis, not 
here shown, grew out to form this elevation as a hollow outgrowth, 
leaving no question as to the possible artificial nature of the 
bulging of the cuticle shown in fig. 25. 
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In the fifth larval stage (fig. 27) the protopodite has become 
wider and stouter and the basal part of the endopodite is much 
expanded distally where the protuberance arises from it. The 


26 27 


Fig. 26 Anterior face of third left pleopod of a male 18 mm. long. 2. D. 
Fig. 27 Anterior face of left accessory stylet of male 21mm. long. Enlarged 
75 diameters. 


result is that the exopodite begins to take on that relative insig- 
nificance in size, characteristic in the adult accessory stylet. 
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The new growth on the median side of the basal part of the endo- 
podite (fig. 27), is a sort of knob set on a neck and inclined at 
about 45° to the axis of the endopodite. Its form is not spherical 
but rather more that of a short cylinder on a slightly shorter neck. 
The long axis of the cylinder and of the neck is at an angle of 45 
degrees to the side of the endopodite. Not only this protruding 
knob must be reckoned as part of the future triangle but also the 
neighboring widened area of the endopodite which is depressed 
as indicated in the shadow in fig. 27 and which will be the de- 
pressed anterior face of the future triangle. In fact this depres- 
sion is accentuated by the position of the knob, which not only 
stands out as represented in the figure but also rises up toward the 
observer; that is, anteriorly away from the general plane of the 
endopodite. The base of the flabelliform distal part of the endo- 
podite is continued on to the external distal corner of the basal 
region of the endopodite as a ridge standing up above the de- 
pressed area, and forming what will be the guide ridge of the per- 
fected organ. 

In a small male, 38 mm. long, in October, the second pleopod 
had advanced to the state of perfection shown in fig. 28, which is 
an external view of a left accessory stylet, which was about three 
times as long as the one shown in fig. 27. The muscles in the 
protopodite remain as before, though not so well seen from this 
point of view, and the same is true of the endopodite and the exo- 
podite. The protopodite and the exopodite have grown so large 
and massive that the slender exopodite is much subordinated. 
The great increase in the basal part of the endopodite, along with 
the enlargement and specialization of the triangle, leaves the plu- 
mose terminal part of the endopodite as a slender palp-like rem- 
nant of the original end of the endopodite. The triangle is now 
so much longer at its free edge than at its attached part that it 
has the adult triangular form when seen from the median face; or 
more explicitly, the obliquely set ‘cylindrical knob of fig. 27 has 
grown so much longer at its free edge than at its attachment that 
the length between its ends about equals the distance of the prox- 
imal end or elbow from the main mass of the endopodite, which 
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Fig. 28 External face of left accessory stylet of male 38 mm. long in October, 
enlarged 25 diameters. 

Fig. 29 External view of the united first and second stylets of the left side of 
an adult male, 110 mm. long. 2. 90mm. do. 

Fig. 30 View of the median face of the same. 2. 90 mm. do. 


In figs. 29, 30, 31: 
Ig=I1st stylet 5’ =other fifth leg not crossed. 
II. =2nd stylet C =canula 
5 =crossed fifth leg seen in section Sp =spatula. 
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gives the wide scalene triangle as seen from the median side (fig. 
v1). The proximal elongation of the cylinder makes the elbow of 
the triangle, while the distal elongation has made the pyramid 
or wedge that runs up toward the flagellum of the endopodite. 
As yet no setae were seen on the wedge. The triangle, however, 
is not merely a flat plate that grows out diagonally, but from the 
first it is thick through in the anterior-posterior direction, thus 
producing the cylindrical edge seen in fig. 27, where the thick edge 
is restricted and marked off by a less thick neck; moreover the 
thickening of the cylinder is toward the anterior face. By the 
stage shown in fig. 28 there is great thickening toward the external 
face. Moreover the external free edge of this thickened cylinder 
is now itself thickened as a ridge hanging out from the ventral 
rim over the depressed area as indicated by the broken line in fig. 
28. This rounded thick edge is the future radius. (Compare 
figs. 28 and vu.) From this state it is an easy transition to the 
more sculptured form of the appendage seen in adults. 

The second pleopods of the male thus owe their special struc- 
ture to a gradual emphasis of the endopodite and protopodite with 
the addition of an outgrowth peculiar to these appendages, the 
triangle. The triangle at first is a mere blister on the median 
side of the endopodite but soon becomes an oblique plate that is 
surmounted by a thickening. The plate grows anteriorly and the 
thickening of its free edge becomes longer than the base of the 
plate, with a resulting triangular form as seen from the median 
face. The thick ridge grows out externally and this extension 
itself acquires a thickened rim, posteriorly, which is the radius. 

The triangle is thus a triangle only as seen from the median 
face of the pleopod, in its entirety the triangle is a curved object 
like a half open hand, and as such is capable of being applied to 
the rounded surface of the first stylet. It is made of a cylinder 
obliquely set along the edge of a plate and curving over it, like 
fingers over the palm. A slip of paper if cut of angular form and 
bent twice at right angles may be made to represent the stylet. 
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The way in which the various parts of the stylets are used in 
the process of conjugation and sperm transfer has been found out 
partly by direct observation, partly by experiment, and partly 
by more indirect inferences that still leave some questions un- 
answered. 

The phenomena of conjugation in general have been described 
elsewhere (5) and we will here consider chiefly the use of the sty- 
lets. There is a stage in the early part of conjugation, where the 
male has seized the female and clasped all her claws, when he 
rises up away from her sufficiently to allow the pleopods to swing 
back and forth. In this swinging the long stiff stylets and acces- 
sory stylets take part and then are soon locked together, after 
which the stylets are held by the crossed fifth leg so that hence- 
forth they make a rigid mass which cannot be folded down against 
the thorax again by any pressure until that fifth leg is removed. 
The process of locking together of the stylets is as follows: 

The swinging of the pleopods is caused by their basal muscles; 
and likewise the muscles in the bases of the stylets move them 
slightly backward, or erect them, and forward, or depress them. 
While both first and second generally move together and right 
and left alike, they have been seen to move independently. By 
a special movement of the second stylets they are clasped against 
the first in such a way that the triangle is applied to the neck of 
the first stylet. By arching the abdomen, cat-like, the second 
stylet is drawn up dorsally along the first, and then, by partial 
relaxation of the arch of abdomen, the second is shoved distally. 
along the first, while held tight against it; the result is that the 
wedge glides along in the groove of the stylet and the radius enters 
into the inner tubule through the flaring orifice and is shoved in 
so far that it remains fast. In sections (fig. 8) it is seen that radius 
fits into the groove as in a socket and, all the walls being thick and 
solid, the radius cannot be forced out again without running it 
back along the orifice. The fact is that the locking is very firm 
and when one tries to pull the second stylet backward the first. 
is dragged with it and only by pulling the second dorsally toward 
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the base of the first can one separate the two, as by that means 
the radius is brought to the orifice out of which it readily passes. 

When the two stylets have been erected by their own erector 
muscles and locked together by their muscular movements which 
lead to this mechanical fastening of the edge of the triangle within 
the groove, they form one organ, physiologically, which is to 
transfer the sperm without any further muscular activity within 
it. : 

The appearance of the two locked organs is indicated in the 
somewhat diagrammatic sketches 29, 30. In 29 the external view 
of the left stylets and part of the fifth thoracic legs is shown. The 
second stylet, to the right of the figure shows the solid tip region 
of the endopodite applied closely against the most protuberant 
part of the posterior face of the spiral of the first stylet, while 
the terminal flabellum runs along parallel to the canula and spatu- 
ula. In fact the tip of the bony endopodite seems to overlap 
the contours of the spiral and this is due to the soft nature of the 
depressed region of the median face of the end of the endopodite 
as is seen in fig. vit. The guide ridge is the part seen external to 
the spiral in fig. 29, while the soft surface is squeezed against the 
rounded face of the spiral and the triangle is applied close against 
the median face of the spiral so that it can be seen only from the 
median view. 

Turning to the median view we see, (fig. 30) the triangle lying 
over the neck and extending out along the groove. The elbow 
of the triangle lies over the orifice. The radial edge of the tri- 
angle conforms with the obliquity of the groove since both the 
wedge and the radius are firmly inserted in the groove. 

Figures 29 and 30, show the supporting fifth leg in section, as 
a rounded cross-hatched area. It will prevent the locked stylets 
from being shoved forward, or closed up against the sternum an- 
teriorly. It is also obvious that the movement backward toward 
a vertical position will be hindered, not only by the inclination 
and rigidity of the basal joint of the first stylet, but by a like join- 
ing of the base of the second stylet, since one cannot move back 
without the other, for the radius and wedge will go no further 
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toward tip of groove. The second forms a mechanical brace 
tending to hold the first from going backward. 

In order to separate the two the second must move toward the 
animal and glide along the first till free from it. And this motion 
is actually seen. The locking is not always done without trial 
and may be broken and renewed during conjugation, so that 
we often see two positions of the stylets, that of perfect locking, 


Fig. 31° Same view when the accessory is drawn back into position of recession 
showing the papilla at the mouth of the groove. 


as in figs. 29 and 30 when the triangle is most advanced toward 
the tip of the spiral, and a preliminary and alternate position of 
recession when the triangle is applied against the base of the first 
style proximal to the orifice. ‘This position of recession is shown 
in fig. 31. The triangle goes as far toward the basal end of the 
first stylet as possible, till stopped by the knob on the base (fig. 
11). In this recession the orifice with the papilla meeting it, is 
exposed and the ventral lip is seen. 

It should be borne in mind that the back and forth play of 
the triangle on the first stylet is limited not only by the knob 
basally and the narrowness of the groove that prevents the radius 
from going into it dorsally beyond the position of figure 30, but 
it is limited laterally by the fact that the triangles of the two sides 
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of the body are in contact and are held together by being placed 
in the squarish hole between the necks of the first two stylets. 

The two triangles play back and forth like two hands with bent 
fingers, back to back, in a narrow space between the first stylets 
and, like hands, each runs its palm or soft flat surface along the 
median constricted part of the first stylet and the firm guiding 
ridge—its thumb, as it were—along the external face of the stylet 
(fig. 29). In one case from 3 to 4 seconds were taken to glide the 
triangles back from the normal position to the recession (fig. 31) ; 
there they remained four or five seconds and advanced strongly 
in two seconds. Another recession took 12 seconds, but the ad- 
vance occupied 2 seconds. 

If we imagine figure v applied to 1, vi to 1 and vu to 11, 
vil to Iv, we will appreciate how nicely all the surfaces adjust 
themselves. The oblique ridge of the external mass of fig. I is 
overlaid by the soft depressed area, (figs. vill, 22) so that the 
thumb-like guide shows external to the ridge as in fig. 29. 

In life the two sets of appendages, right and left, are so closely 
applied together that the median face of neither can be seen, 
directly, without mutilation experiments on one side, but the pres- 
ence of the guide ridge along the external face of the spiral (fig. 
29) enables one to judge where the triangle must be at any stage 
of advance or recession, a matter of importance in deciding as to 
its use in sperm transfer. 

That an application of the second, or accessory stylet, to the 
first is necessary for the completion of normal conjugation and the 
filling of the sperm pocket by transferred sperm, was determined 
not only by the above facts of structure and use but by the follow- 
ing experiments. The instincts of the male are so strong that, 
when in the process of conjugation the second stylet on one side 
was cut off, there was no immediate visible effect, except the 
escape of some blood from the stump of the appendage. And- 
when on the next day al] the stylets, both first and second, were 
cut off, the male seized and turned a female and carried the 
conjugation as far as possible in the absence of the organs of 
transfer. The instincts thus go on without the means of carrying 
them to completion. 
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It was then easy to get males to begin conjugation when the 
accessory stylets had been removed from both sides. ‘Three 
such males made conjugation experiments with several females, 
successively, but in no case was there an evidence that the annu- 
lus had been filled by these mutilated males, through in one case 
the union lasted for eight and one-halfhours. Inthese attempted 
conjugations it was not evident how the absence of the second 
stylet prevented perfect sperm transfer. In one case the male 
let fall three or four sperm masses, or pseudo-spermatophores, 
about 1 mm. long on the telson of the female but it was not deter- 
mined how this happened. Apparently this was from failure to 
have a close union at the orifice, which would lead one to think 
the failure due to absence of the triangle that normally holds the 
papilla tight to the orifice. But the failure may have been due to 
the absence of piston like movements of the radius. More expe- 
riments should show what the uses of the different parts of the 
triangle really are. 


HOW THE SPERM IS FORCED ALONG THE TUBULE OF THE STYLET 


The adjustment of the papillae, whose anatomy has been des- 
cribed, to the stylets must now be considered in order to appreciate 
the final use of the stylet. 

As seen in fig. 1, the papilla juts out toward the median plane 
so far that it can be placed across the narrowest part of the first 
stylet where the notch is (fig. m1); that is across the dorsal face 
of the first stylet. But its tip turns abruptly inward far enough 
to reach along the median face (fig. 11) as far as the orifice, into 
which its tip fits. In figs. 30, 31, this position of the papilla is 
crudely represented; in reality the tensely swollen translucent 
spout is very nicely applied to the rounded faces of the entrance 
to the groove. The papilla is seen in this position when the 
triangle is receded (fig. 31) and in the advance of the triangle its 
tip becomes concealed, but it doubtless remains as before. 

Returning to the actions of the combined stylets which embrace 
the papillze we note certain ‘tamping’ movements. Besides the 
advance and recession of the second stylet along the first, the first 
and second together when locked, are seen to execute quick jerks 
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that carry the tips of the first back and forth a part of a milli- 
meter only. When the tips of the stylets have gained entrance 
into the annulus, these thrusts may serve to introduce the tip far- 
ther into its cavity. As in the movements of recession the force 
here must be exerted by the muscles of the abdomen, as the sty- 
lets themselves have no telescopic power; and actual twitching 
of the anterior part of the abdomen were seen. 


SPERM EMISSION AND CONDUCTION 


In normal conjugation nothing is seen of the sperm so that its 
transfer from the deferent duct to the cavity of the annulus is a 
matter of inference. The papilla is applied to the orifice of the 
tube of the first stylet so that it may discharge into it and sections 
show the tube full of sperm, (figs. 14, 15); moreover in some abnor- 
mal cases the sperm is seen to issue from the tip of the canula into 
the water, and, as the tip of the canula is normally inside the 
sperm pocket, it is evident that the sperm must pass along the 
stylet from the papilla. The force that propels the sperm is no 
doubt muscular contraction, but it is not clear at first what mus- 
cles are concerned; there are none within the first stylet which 
acts merely as a passive tube. 

From such figures as 2, it is evident that the deferent duct has 
powerful transverse muscles that could squeeze out the sperm with 
force and this seems the main if not only motive force to carry 
the sperm through the papilla and all along the tube of the stylet 
into the annulus. 

The force necessary to propel the liquid sperm through a tube 
that is only some 20 to 40 u in diameter (figs. 18, 15) is great and 
attempts to force india ink through the tubule of the stylet with a 
small hypodermic syringe failed. When the specially ground can- 
ula was inserted into the orifice, while the radius was engaged in 
the tubule, no ink could be forced out of the tip of the stylet. 
It was inferred that the radius blocked the way, as it fits in so as 
to nearly occlude the lumen (fig. 8), but the same failure was met 
with when the triangle was removed from the stylet, but then the 
ink jetted out along the proximal part of the groove where the 
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triangle had been. Apparently the wedge of the triangle is well 
fitted to hold the liquid in the tubule since it fills up the groove 
external to it (fig. 9), where the sides of the groove are not as close 
together as they are distally (fig. 10), which is beyond the wedge. 
When the ink had been introduced into the tubule and not forced 
out of the tip of the stylet the triangle was applied to the stylet 
and the radius worked back and forth like a piston in the tubule 
with the result that some of the ink issued from the tip of the can- 
ula of the stylet. 

This suggested that the radius might act like a piston in normal 
sperm transfer and thus propel the sperm from the papilla along 
the tubule to the annulus. We also saw that when a pair was 
separated in conjugation the sperm that issued from the tip of the 
canula of the stylet was mixed with bubbles of air when held out 
of the water, which suggested some action at the base of the tubule 
(at the orifice) to draw the air into the tubule. However, this 
might be movements of the triangle or simply failure of the tri- 
angle to hold a tight joint around the tip of the papilla and ori- 
fice, for thus air could be drawn in by the stream of sperm ad- 
vancing, driven by pressure of the muscles of the deferent duct. 
When the radius was inserted into the orifice and shoved along 
in the tubule, sperm was forced out of the tip of the canula, which 
seemed to demonstrate the ability of the radius to act as a pro- 
pelling piston. 

We failed to detect any such piston motions during conjuga- 
tion, but they would be of very slight extent and not readily 
observed. The movements of advance and recession described 
above are of a much grosser magnitude than the piston movements 
that might be supposed to take place. The movements 31, 30 
are only for getting right adjustment of the enveloping triangle 
over the papilla tip and the entrance of the radius into the tubule 
so that the hand-like triangle may make such tight binding of the 
papilla to the orifice that no sperm escapes or comes into contact 
with the water. Yet the piston may then presumably be in posi- 
tion to advance or recede a little. When we thrust the triangle 
strongly so far along the stylet that the elbow was at the orifice, 
(fig. 30), the triangle tended to spring slowly back out of the groove 
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till only half of the length of the radius remained in the 
groove, owing apparently to the elastic side walls of the groove 
shoving against the wedge (figs. 9, 10) as these walls are the closer 
together toward the tip of the stylet. 

By this mechanical means the piston might tend to recede, 
while the movements of the muscles of the abdomen might make 
the entire second stylet advance enough to shove the piston along 
the groove’again. We can easily pump the radius back and forth 
in the groove by moving the whole second stylet. The muscles 
of the abdomen make the slight twitching back and forth jerks 
of both first and second stylets above mentioned as tamping 
movements. Now after the first stylet, with the second locked 
to it, is introduced into the cavity of the annulus as far as possible, 
these movements of tamping, if they be continued, could not ad- 
vance the first stylet but may push the second further along the 
first and so cause the piston to act on the sperm. The dish-like 
head of the end of the radius (fig. 22) receives explanation upon 
the assumption that it is useful in shoving the sperm along in the 
tubule, in fact, the solid bone-like piston with horny cupped tip 
provided with elastic flaring edge seems a remarkably well made 
apparatus for pushing liquid along in a tube that it fits so well. 

Some such piston movements might be expected from the state- 
ments of Coste (C. R. 46, 1858), that Gerbe in his laboratory 
saw the male Astacus apply the foliacious part of the second sty- 
let to the first stylet and by reiterated back and forth motions 
during the passage of sperm, keep as he thought, the trough of the 
first stylet free from sperm ‘that might harden there else. Schil- 
linger, states that the second stylet is used to push the sperma- 
tophores out of the first stylet.’ 

The groove and its concealed inner part that forms the tubule 
are of course open to the water and if the sperm is to pass free 
from contact with the water to the cavity of the annulus the as- 
sumed piston movements of the radius may serve to clean out the 
tubule and fill it with harmless secretions. The source of such 
secretions may be surmised to be the glands in the tip of the pap- 


1 As reported by Ortmann in Bronn’s Klassen und Ordnungen. 
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illa (fig. 2) or those along the tubule itself (fig. 8). Possibly this 
preparatory action of the radius is all that it has to fulfill and that 
the pressure of the muscle of the efferent duct is all sufficient 
to cause the sperm to run through the length of the stylet. In. 
connection with this question we have to bear in mind that the 
sperm is in some way freed from its envelope of secretion made in 
the efferent duct before it is laid away inside the sperm pocket 
where it exists pure (1). 

This separation of sperm from enveloping secretion takes place 
in the tubule of the stylet. In the proximal part of the tubule the 
secretion of the deferent duct (fig. 2), is still all around the strand 
of sperm (fig. 14), but distally the sperm is almost pure inside the 
tubule (fig. 15). 

We found also that in one case a male, fallen on the side while 
still holding a female, had the stylets only partly erected so that 
they were free in the water and from the tip of each canula a very 
fine stream of sperm, finer than the tip of the spatula, issued slowly 
and coiled up in a small mass. From one canula the sperm then 
slowly sank in ten minutes down in the still water as a fine thread 
with a coil at the tip. Another male showed faint sperm jelly 
on the tip of the flagellum of the endopodite of the second stylet 
and this was pure sperm becoming modified by the water; there 
was no secretion. 

There are however besides these escapes of pure sperm, escapes 
of sperm inside of secretions that resemble spermatophores. In 
a male, in which the triangle was in the position of recession, (fig 
31), there were such white sperm threads, $ to 1 mm. long, about 
the orifice of the groove. The pseudo-spermatophores that in 
abnormal or interrupted conjugations were sometimes seen were 
soft, paste-like tubes containing a central mass of sperm. The 
short pieces of tube stick by their ends to the inside of a pipette 
used to pick them up and to the shell of the crayfish on which they 
fall. 

The wall of these tubes is a very thin layer of secretion which 
is vesiculate and stringy like dough and can be drawn out into 
clear threads with minute droplets along them. These would 
seem to be not normal spermatophores, which in Astacus have 
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thick walls, but only rods of sperm enveloped in some slight se- 
cretion from the deferent duct, or possibly that of the papilla 
or of the glands of the spiral. The thin walls of these tubes break 
open, hernia like, and sperms ooze out. 

The separation of the sperm from the secretion of the deferent 
duct may be due merely to the diminution in diameter of the tub- 
ule; the pressure of the duct would drive the central part of the 
current faster than the envelope and thus the central sperm might 
flow out of the very narrow tip of the canula and leave the envel- 
ope of secretion behind in the wider parts of the tubule. Finally, 
when enough sperm had passed along to fill the annulus, the envel- 
oping secretion might be forced out and this would make that 
wax-like mass that fills the external parts of the annulus and pro- 
jects in excess from its mouth as the so-called sperm plug. Pos- 
sibly again the piston movements of the radius might come into 
play to clean out the secretion from the stylet tubule and ram it 
into the annulus. In fact in the last stages of conjugation of one 
pair slow and repeated movements of advance and recession of the 
triangle were seen which may be interpreted as concerned with 
plug making. 

The use of the glands of the spiral is not known. Possibly their 
secretion cleanses the surfaces to be used in sperm transfer and 
aids in keeping water from the sperm. Possibly the secretion 
may help the enveloping secretion of the deferent duct to adhere 
to the walls of the tubule of the spiral and thus hold it back till 
the sperm has passed on into the annulus. 


THE RIGHT AND LEFT DUPLICATION OF STYLETS 


The striking fact of the exact duplication of both first and sec- 
ond stylets right and left suggests questions as to the use of right 
and left in conjugation. Are both sidesused at each conjugation? 

Again the remarkable dimorphism of the females of C. affinis 
and of probably all other species of that genus, which expresses 
itself in the occurrence of females with the vestibule of the sperm 
pocket opening a little to the right of the middle line and of 
females with the pocket opening to the left, so that the symmetry 
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of the two is reversed, raises the question as to whether the 
males are adjusted, in habit, to these two kinds of females, so 
as to use the right set of sperm transfer organs for a left-handed 
female and vice versa, or not. 

The crucial experiments to determine whether males actually 
use the one stylet for right and the other for left-handed females 
have not yet been made. However, some facts and considerations 
make it improbable that a male is obliged to do so and indicate 
that a male may adjust his stylets so as to use either right or left 
on any form of female annulus, leaving the question still open as 
to what is the normal habit of the males with reference to the two 
forms of females. 

In the first place we found that though the two first stylets seem 
to be in the annulus they are never both firmlyinserted. One is 
fixed firmly by its tip while the other may be drawn away by a 
pair of forceps. Moreover the one that is inserted has its tip 
some # to 14 mm. in advance of the other and its base is locked 
against the base of the other, diagonally, the abdomen being ad- 
vanced more on one side than the other. 

Observations showed that not only were there cases of the right 
stylet in the left annulus but of right stylet in the right annulus 
and of left stylet in left annulus and of left styletin right annulus. 
Whether in these cases the sperm was actually transferred was, 
unfortunately, not made out. It is possible that a male may in- 
sert one stylet and afterwards the other till finally the actual 
sperm transfer takes place with some more definite reference to 
the symmetry of the annulus than the above observations would 
indicate. 

That there is any alteration in the advance of the stylets was 
not made out, but there is often an alteration in the use of the fifth 
leg, right and left. At any one time many males will be found 
with the left and others with the right leg crossed, but continuous 
observations show that the male will change from right to left 
in difficult cases especially, till a better adjustment is obtained. 

It was at first thought that there was a relation between the 
fifth leg and the advance and use of the first stylet so that these 
were on the same side, that is, the stylet being advanced by the 
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use of the leg of that side of the body, but cases were recorded in 
which the advanced stylet was on the opposite side from the 
crossed leg. Males crossed the right leg with either right or left 
stylet advanced and males crossed the left leg with either right , 
or left stylet advanced. Here again there is the possible objec- 
tion that the condition observed was not permanent or the one 
employed in actual sperm transfer. More minute observation 
of several normal cases are necessary. 

One good case seems, however, rather conclusive. In this a 
male, in November, crossed the left fifth and advanced the left 
stylet, but after an hour of attempts to enter the annulus, crossed 
the right fifth and five hours later the right stylet was one mm. in 
advance of the other and the female had a sperm plug in a right 
annulus. Here the leg and stylet used did coincide, but the 
annulus was not the one to be expected. 

Again in some conjugates killed by boiling while united it was 
found that in one a right stylet was advanced to a right annulus 
and in others a left stylet to a left and to a right annulus. 

As far as the evidence goes it gives the impression that the male 
is free to use either right or left stylet with either right or left 
fifth legs till successful in getting some one tip of the stylets into 
the vestibule of the annulus, which may be a right or a left one, 
indifferently. Yet future observations may show that the lines 
of least resistance are for the male to use the left stylet for the 
right-handed female, and the reverse, and that this actually takes 
place, in nature as the normal, though we doubt if it be at all neces- 
sary. Observations show that both papille are ready to dis- 
charge sperm at the same time and it should be determined by ex- 
periment whether the male uses both right and left sets of sperm 
transfer organs, alternately, at each conjugation or not. 

When the first and the second stylets were cut off from one side 
of some sixteen males and, either at once or some weeks after, 
these males were given females, the unexpected result followed 
that in spite of many repeated attempts, one lasting nine hours, 
the numerous conjugations of these unilaterally mutilated males 
did not result in any clear cases of successful sperm transfer. In 
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many cases the annuli of the females were artificially cleared 
out so that any new plugs would have been seen. 

Among these cases there were males that alternately used the 
fifth left and right legs in crossing, though some had only the left 
series of stylets and others the right; the leg being crossed on the 
side where there was no stylet and on the side where there was a 
stylet. And these same cases were attempting conjugation with 
females that were of both kinds, right and left forms, so that there 
was no agreement between the kind of annulus and the fifth leg 
used. 

In only one case was there any sperm seen and this was seen 
twice in successive conjugations of the same male that seems to 
have been peculiar. This sperm lay in pseudo spermatophores, 
8 mm. long, upon the telson of the female under the left stylet, 
and probably escaped from some imperfection of the closure of 
the triangle. 

While it was not found out why there was this apparent inability 
tocomplete sperm transfer while the stylets of one side were miss- 
ing it is thought that this is not due to the need of usingsperm 
from both sides of the body at each conjugation but rather to the 
mechanical factor that the two sets of stylets are always applied 
to one another so firmly as to hold the tips of the stylets at the 
annulus, so that when one is absent the tip of the remaining one 
lacking the usual support cannot be readily brought to the middle 
line of the body. Moreover it is possible that the triangle will 
not be well applied to the orifice unless the fellow triangle be there 
to shove against it, as both are packed in side by side between the 
necks of the first stylets. 


SUMMARY 


Though the sperm of the crayfish, Cambarus affinis, is injured 
by exposure to water, it is transferred from the male to the female 
under water and stored up in an external pouch. 

The part played by the female in this insurance against injury 
in transit has been elsewhere described. 
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The present paper describes only those organs of the male that 
are combined to form a safe conduit for the sperm from the male 
to the receptacle on the female. 

The actual sperm transit apparatus of the male consists of three 
organs on each side of the body. The anatomy and use of these 
three organs are here described in detail. 

The ‘papilla’ or end of the deferent duct is provided with glands 
and a valve. It is distended by blood and applied to fit accu- 
rately to the beginning of a tube. 

This tube is the innermost part of the groove of the first stylet, 
or limb of the abdomen, and hitherto its existence and use has not 
been described. 

The first abdominal limb is, in action, a duct leading the sperm 
uninterruptedly from the deferent duct into the receptacle of the 
female. It contains large glands of problematical use, and relies 
for mechanical support upon the habit of the male in using the 
second abdominal limb as well as one of the fifth thoracic limbs 
to insure the entrance of the first stylet into the receptacle of the 
female. 

The second stylet is accessory to the first in applying its hand- 
like outgrowth over the papilla and insuring a tight joint. It 
also gives mechanical support to the first stylet. How much it 
may also serve as a piston for cleaning the tube or even for aiding 
in sperm transfer is left undecided. 

The ontogeny of the first stylet shows that it begins after the 
other abdominal limbs and is from the first a simple unbranched 
outgrowth which becomes a tube by the depression of its central 
and elevation of its lateral parts to form a deep groove, the bottom 
of which is ultimately isolated by a shelf. 

The morphology of the organ, based upon its use, anatomy and 
development, gives the basis for its utilization in defining species 
and subgenera. The tip or canula that is inserted into the recep- 
tacle to discharge sperm is the real tip of the organ and all other 
tips are to be referred to lateral outgrowths from one or the other 
side of the original groove. 

The ontogeny of the second stylet shows that in the first larva 
it is just like the following abdominal limbs; but its subsequent 
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fate is to add on a lateral outgrowth (appendix masculina) which 
becomes the useful part of this organ when acting as a necessary 
part of the sperm transit apparatus. 

The duplication of all three organs, right and left, seems neces- 
sary in.as far as removal of one set leads to the lack of necessary 
mechanical support for the perfect functioning of the opposite 
set. 

The evidence is against the conclusion that the right and left 
openings of different receptacles upon different females are neces- 
sarily met by the males employing the stylets of one side rather 
than an other. In each case the male may by trial obtain the 
entrance of some one of the two stylets into the receptacle of the 
female. 

The extreme solidity of the shell of the stylets is to be correlated 
with the amount of force exerted by the male in making a water 
tight passage for the sperm from the deferent duct into the recep- 
tacle of the female. 

While all six organs are necessary for sperm transfer, most of 
them may be removed without preventing the males from carry- 
ing out many of the stages of conjugation that would normally 
lead up to sperm transfer. 

Many of the peculiarities of the form and structure of the trans- 
fer organs are demonstrated to be of use, or even necessary. 

The accurate interadjustment of the six organs is necessary for 
the perpetuation of the species. 

It is difficult to believe that in the evolution of Cambarus the 
increasing perfection of these organs could have been decisive 
in eliminating the less perfect organs. Astacus survives with 
more simple organs and the majority of genera of crayfish have no 
stylets at all. The perfection of the organs, characteristic of 
Cambarus may have been brought about from laws of change 
that it will require much experimentation to discover. 
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PLATES 1, 2, 3, 4 
EXPLANATION OF FIGURES 


I. Photograph taken with a magnification of about ten diameters, of the 
posterior face of the first stylet of the left side. 


II. Photograph of the same, taken from the median side, but diagonally, so 
that the posterior side is also shown in part. 


III. Photograph of the same from the anterior face. 
IV. Photograph of the same from the external face. 


V. Photograph taken enlarged about ten diameters, of the second, or accessory 
stylet, of the left side of adult male. Posterior face. 


VI. The same from the median face. 
VIt. The same from the anterior face. 


VIII. The same from the external face. 
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OVIPOSITION INDUCED BY THE MALE IN PIGEONS 


WALLACE CRAIG 


Department of Philosophy, University of Maine 


The influence of the male upon the time of oviposition is a mat- 
ter in regard to which pigeons differ from some other birds, notably 
the domestic fowl. With regard to the fowl I have consulted a 
number of poultry keepers and experts, chiefly Dr. Raymond 
Pearl and Dr. Frank M. Surface, of the Maine Agricultural Ex- 
periment Station, where the most extensive studies of the egg- 
laying of fowls have been, and are being carried on. Dr. Pearl 
and Dr. Surface tell me that the domestic hen, and also the hen 
of the wild Gallus bankiva so far as can be ascertained, commence 
their spring laying at an approximately fixed date which can nei- 
ther be deferred by withholding the cock nor advanced by giving 
the cock before the usual time. 

Pigeons differ widely from poultry in this respect. If, from the 
winter season onward, an old female piegon be kept unmated and 
isolated, she refrains from egg-laying, in evident distress for want 
of a mate, until the breeding season is far advanced; at length 
she does begin to lay, but her laying without a mate manifestly 
partakes of the abnormal. And a virgin pigeon, if kept isolated 
from other pigeons, may postpone her laying for a still longer pe- 
riod. On the other hand, a female pigeon, young or old, will lay 
very early in the season if she be early mated. Moreover, there 
is a pretty definite interval between the first copulation and the 
laying of the first egg, namely six or seven days; if the egg be de- 
layed much beyond this time, the fact indicates some indisposi- 
tion on the part of the female. And as the pair rear brood after 
brood throughout the season, this time-relation between copula- 
tion and egg-laying is regularly repeated. 
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The utility of this time adjustment in pigeons seems obvious. 
The male pigeon takes his turn daily in the duty of incubation: 
hence the female must not lay the eggs before he is ready to sit. 
This aspect of the matter, which has to do with pigeon sociology, 
has already been treated elsewhere (Craig ’08) and will be dis- 
cussed more fully in a book dealing with pigeon behavior. The 
present paper is to show, not why the male should determine the 
time of oviposition, but how he does determine it. 

The thesis of the present paper is, that the influence of the male 
in inducing oviposition is a psychological influence; that the stim- 
ulus to oviposition is not the introduction of sperm, for the male 
ean cause the female to lay even though he does not copulate with 
her. This is easily proven by an experiment, which requires only 
pigeons, patience, and time, and I shall now recount seven repe- 
titions of such experiment, the first two being accidental cases, 
the other five being trials designed and carried out on purpose to 
test the thesis. 

Case 1 (1903). In the spring of 1903 I brought together a vir- 
gin female dove (individual female no. 7, the species in all these 
trials being the blonde ring-dove, Turtur risorius) and a young 
inexperienced male, intending simply that they should mate in 
the normal manner. The young male played up to the female, but 
due to his inexperience and to other causes which need not be dis- 
cussed here, his mating behavior was imperfect and he did not 
copulate with her. Nevertheless, in due time (six days) she laid 
an egg, and a second egg, as usual, forty hourslater. This was the 
first intimation to me that a male bird can stimulate the female to 
lay, without copulating with her. Such an explanationseemed 
so absurd at that time that I dismissed it with the assumption that 
the birds must have copulated unobserved, and I did not even 
test the eggs to see if they were fertile. Looking back on that 
case now, however, and considering the observed behavior of that 
male, I feel reasonably certain that he did not fertilize the eggs 
but simply stimulated oviposition through the psychic (neural) 
channels. 

Case 2 (1904). A female dove (no. 5) had been kept alone ever 
since her mate had died in November, 1903, and as time wore on 
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she showed intense anxiety to mate. She being a very tame bird, 
I had often caught and held her gently, but she did not like to be 
held, so one day in early March I tried tickling her head and pull- 
ing the feathers about her neck somewhat as a courting male would 
do it, and, finding that the poor lonely bird received these atten- 
tions with intense pleasure and became still more tame, I contin- 
ued to preen her neck daily. She now acted toward the hand as 
if it were a mate, went through a nesting performance in her seed 
dish, there being no nest in her cage, and to my astonishment laid 
her eggs in due season. The first egg was laid March 11 and the 
second March 13. There is no doubt in my mind that the caress- 
ing of this bird’s head and neck brought on oviposition. I once 
tried to repeat the experiment with another female dove, but she 
would not accept the touch of the hand as the former dove had 
done. Yet there is other evidence indicating that, with a spe- 
cially tamed bird, this experiment, inducing oviposition by the 
hand, could be successfully repeated. 

This case called to mind that of 1908, and suggested an ex- 
periment to determine definitely whether the male dove can stim- 
ulate the female to lay, without actual copulation. Opportunity 
to try this experiment was not found till 1907 and following years, 
when it was planned as follows. 


Method of the regular trials 


The experiment requires an unmated female dove that is not 
laying eggs, preferably a young dove that has never laid. It is 
best tried early in the season (e.g., in February), especially if an 
old dove be used, for, as said above, if the female is kept too long 
without a mate she may lay without one. Side by side with this 
female, in a separate cage, is placed an unmated male, and the two 
are given several days to become acquainted. When they act to- 
ward one another like mate and mate, the doors separating them 
are opened and they are allowed to come together for a time, under 
constant supervision. When they attempt to copulate, a slender 
rod which can be thrust between the bars of the cage is used to 
keep them apart. Such attempts are made many times in a day, 
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mostly in the afternoon, and are continued for several days in 
succession; hence it is best that the experimenter should be able 
to devote some hours a day for several days in succession to a 
single pair or at most two pairs of birds. Whenever the birds are 
not under surveillance they are shut apart, each in his or her own 
cage. But they should be allowed to come together daily until 
the egg is laid. 

A factor which caused difficulty in one of my trials was the nest. 
In cases 1, 2, 3 and 6, the bird laid without any nest at all (except 
that in case 6 a nest was given just a few hours before the egg was 
deposited). But in case 4 (q.v.) the female refused to lay without 
a nest: it was then necessary to remove the male and make the trial 
again, first giving the female a nest, and waiting long enough to 
prove that the nest alone would not cause her to lay. 


Results of the regular trials 


Case 3 (1907). Female dove, no. 20. This bird had been 
bought recently from a dealer, and it was not known whether she 
had laid earlier in the season. But she was kept isolated for 
some time, during which she showed no inclination to lay. She 
was then given a male in the manner indicated. No nest given. 

June 9. Male allowed in cage of female, and plays up to her. 

June 15. First egg. 

June 17. Second egg. (The second egg was of no special in- 
terest. After the first egg was laid, I generally left the doors 
open, allowing the pair to come together without surveillance.) 

Case 4 (1908). Female, the same. She had not laid since the 
close of last season. No nest given. 

February 4. Male allowed to enter. 

The female was unresponsive and showed by her behavior that 
this time she was holding back for want of anest. This deficiency 
was supplied in the following manner (vide ut supra.) 

February 8. Male taken away to another building. 

March 10. Nest put in cage. Female paid practically no at- 
tention to it. Many days were allowed to pass, in order to make 
sure that the nest alone would not stimulate the female to lay. 
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March 21. Male (after short period in sight of female, that 
they might become re-acquainted) allowed to enter. 

March 27.: Egg laid. | 

Case 5 (1910). Female, the same as in cases 3 and 4. She has 
laid no eggs since last season (1909.) 

January 20. I begin to allow male in cage, at same time putting 
nest in. 

January 29. Egg laid. 

Case 6 (1908). Female, no. 19. Virgin, has never laid. No 
nest given. In this case, the date on which the female was first 
given the requisite stimulus cannot be stated so definitely as in 
the other cases. 

July 12. Male,-in his cage, placed close to cage of female. 
Cooing commences. Female so excited that she several times 
assumes, and maintains in extreme degree, the copulation posture. 

July 14. Male allowed into cage of female, but he fights her, 
so that it is necessary to remove him (otherwise the female might 
be painfully injured), and to allow the pair a few days more of 
preliminary acquaintanceship. 

July 18. Male allowed to begin his series of daily visits. 

July 22. Egg laid. 

Case 7 (1910). Female no. 19, the same as in case 6. She has 
laid no eggs since last summer (1909.) 

For several days before contact with the male, a nest was kept 
in her cage; but she paid no attention to it, showing that the nest 
alone would not stimulate her to lay. 

January 20. Male allowed to enter. 

January 26. Egg laid. 


SUMMARY 


1. In six eases, stimulation of a female dove by a male, without 
copulation, was followed by oviposition; and in one other instance 
(case 2), stimulation by the hand of man in imitation of a male 
dove was followed by oviposition 

2. In six of the seven cases (being all except case 3, in which the 
previous history was unknown), it was known that the female 
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had laid no eggs previously during the current year. In two of 
these six cases the dove was a virgin aad had never laid. 

3. It is true that the female may, if left without a mate, begin 
to lay late in the season. Hence it might be suspected that the 
sequence of stimulation and egg-laying in the seven cases was mere 
coincidence. But this is precluded, first of course by the fact that 
coincidences are not known to happen seven times in succession, 
and further by the following considerations. 

4. Insome of the trials it was proven that the female when stim- 
ulated by the male laid much earlier in the season than she did 
when not so stimulated. This is shown in the following table. 

Female, no. 20. . 

1908. (Case 4), stimulated by male, laid March 27. 

1909. (Control), without male, began to lay May 138. 

1910. (Case 5), stimulated by male, laid January 29. 

Female, no. 19. 

1909. (Control), without male, began to lay April 26. 

1910. (Case 7), stimulated by male, laid January 26. 

5. The interval between the first stimulation by the male, and 
the laying of the first egg, was as follows: 

Case 1. 6 days. 

Case 2. (Male not used.) 

Case 3. 7 days. 

Case 4. 6 days. 

Case 5. 9 days. 

Case 6. 4 to 10 days, depending on what is regarded as the 
first stimulation in this case. 

Case 7. 6 days. 

The average and the variation of these intervals tally closely 
with the average and the variation of the interval in normal 
breeding, between the first copulation and the laying of the first 
egg. 

6. There were no exceptions. Ovoposition never failed to fol- 
low within nine days after the first contact with the male. (The 
only partial failure was that of the first trial in case 4, which was 
due to faulty experimental conditions. ) 
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CONCLUSION 


These facts make it certain that the male dove can stimulate the 
female to lay, without copulating with her. 

Harper (’04) mentioned the fact that ovulation in the pigeon 
does not take place until after the bird is mated, but he was in 
doubt as to how far the influence of mating was a‘mental’ one and 
how far it was a matter of the introduction of sperm. The present 
paper goes to show that the stimulus to the whole process of egg 
development and laying is a psychic (neural) stimulus, not de- 
pendent upon the introduction of sperm. 
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THE ANT-COLONY AS AN ORGANISM’ 
WILLIAM MORTON WHEELER 


As a zoologist, reared among what are now rapidly coming to 
be regarded as antiquated ideals, I confess to a feeling of great 
diffidence in addressing an audience so thoroughly versed in the 
very latest as well as the very oldest biological facts, methods and 
hypotheses. I feel, indeed, like some village potter who is bring- 
ing to the market of the metropolis a pitiable sample of his craft, 
a pot of some old-fashioned design, possibly with a concealed 
crack which may prevent it from ringing true. Although in what 
I have to say, I shall strenuously endeavor to be modern, I can 
only beg you, if I fail to come within hailing distance of the advance 
guard of present day zodlogists, to remember that the range of 
adaptability in all organisms, even in zodélogists, is very limited. 

Under the circumstances, my only hope lies in appealing to our 
permanent common biological interests and these, I take it, 
must always center in the organism. But the point of view from 
which we study this most extraordinary of nature’s manifestations, 
is continually shifting. Twenty years ago we were captivated by 
the morphology of the organism, now its behavior occupies the 
foreground of our attention. Once we thought we were seriously 
studying biology when we were scrutinizing paraffine sections of 
animals and plants or dried specimens mounted on pins or pressed 
between layers of blotting paper; now we are sure that we were 
studying merely the exuviae of organisms, the effete residua of 
the life-process. If the neovitalistic school has done nothing else, 
it has jolted us out of this delusion which was gradually taking 
possession of our faculties. It is certain that whatever changes 
may overtake biology in the future, we must henceforth grapple 


1 A lecture prepared for delivery at the Marine Biological Laboratory, Woods 
Hole, Mass., August 2, 1910. 
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with the organism as a dynamic agency acting in a very complex 
and unstable environment. In using the term organism, there- 
fore, I shall drop the adjective ‘living,’ since I do not regard pickled 
animals or dried plants as organisms. 

As I wish to describe a peculiar type of organism, I may be 
asked, before proceeding, to state more concisely what I mean by 
an organism. It is obvious that no adequate definition can be 
given, because the organism is neither a thing nor a concept, but 
a continual flux or process, and hence forever changing and never 
completed. As good a formal definition as I can frame is the follow- 
ing: An organism is a complex, definitely codrdinated and there- 
fore individualized system of activities, which are primarily 
directed to obtaining and assimilating substances from an envir- 
onment, to producing other similar systems, known as offspring, 
and to protecting the system itself and usually also its offspring 
from disturbances emanating from the environment. The three 
fundamental activities enumerated in this definition, namely 
nutrition, reproduction and protection seem to have their incep- 
tion in what we know, from exclusively subjective experience, 
as feelings of hunger, affection and fear respectively. 

Biologists long ago constructed an elaborate hierarchy of organ- 
isms. Those of a speculative turn of mind, like Spencer and Weis- 
mann, postulated the existence of very simple organisms, the 
physiological units, or biophores, which, though invisible, were 
nevertheless conceived as combining the fundamental activites 
above enumerated. These biophores were supposed to form. by 
aggregation the cells, which may exist as independent organisms 
in the Protozoa and Protophyta or unite with other cells to form 
more complex aggregates, for which Haeckel’s term ‘persons’ 
may be adopted. The person may be merely a cell-aggregate or 
consist of complexes of such aggregates as the metameres of the 
higher animals, for the separate metameres, according to a very 
generally accepted theory, are supposed to be more or less modi- 
fied or highly specialized persons. Somewhat similar conditions 
are supposed to obtain in the composition of the vascular plants. 
The integration both of the metameric and non-metameric Meta- 
zoa may proceed still further, the simple persons combining to 
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form colonies in which the persons are primarily nutritive and 
acquire fixed and definite spatial relations to one another, whereas 
the more specialized animals, like the social insects, may constitute 
families of mobile persons with reproduction as the ‘Leitmotiv’ 
of their consociation. In man we have families associating to form 
still more complex aggregates, the true societies. Other compre- 
hensive organisms are the coenobioses, or more or less definite 
consociations of animals and plants of different species, which the 
ecologists are endeavoring to analyze. Finally we have philos- 
ophers, like Fechner, stepping in with the assertion, that the earth 
as a whole is merely a great organism, that the planetary systems 
in turn are colonies of earths and suns and that the universe it- 
self is to be regarded as one stupendous organism. Thus starting 
with the biophore as the smallest and ending with the universe as 
the most comprehensive we have a sufficiently magnificent hier- 
archy of organisms to satisfy even the most zealous panpsychist. 
As biologists we may, for present purposes, lop off and discard the 
ends of this series of organisms, the biophores as being purely 
hypothetical and the cosmos as involving too many ultrabiological 
assumptions. We then have left the following series: first, the 
Protozoon or Protophyte, second the simple or non-metameric 
person, third the metameric person, fourth the colony of the 
nutritive type, fifth the family, or colony of the reproductive type, 
sixth the coenobiose, and seventh the true, or human society. 
Closer inspection shows that these are sufficiently heterogeneous 
when compared with one another and with the personal organism, 
which is the prototype of the series, but I believe, nevertheless that 
all of them are real organisms and not merely conceptual construc- 
tions or analogies. One of them, the insect colony, has interested 
me exceedingly, and as I have repeatedly found its treatment as 
an organism to yield fruitful results in my studies, I have acquired 
the conviction that our biological theories must remain inade- 
quate so long as we confine ourselves to the study of the cells and 
persons and leave the psychologists, sociologists and metaphy- 
sicians to deal with the more complex organisms. Indeed our 
failure to codperate with these investigators in the study of ani- 
mal and plant societies has blinded us to many aspects of the 
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cellular and personal activities with which we are constantly 
dealing. This failure, moreover, is largely responsible for our 
fear of the psychological and the metaphysical, a fear which be- 
comes the more ludicrous from the fact that even our so-called 
‘exact’ sciences smell to heaven with the rankest kind of material- 
istic metaphysics. 

Leaving these generalities for the present, permit me to present 
the evidence for the contention that the animal colony is a true 
organism andnot merely theanalogueof the person. To make this 
evidence as concrete as possible I shall take the ant-colony asa 
paradigm and ask you to accept my statement that the colonies 
of the termites, social bees and wasps, which the limited time at 
my disposal does not permit to consider, will be found to offer the 
same and in some cases even more satisfactory data. I select the 
ant-colony not only because I am more familiar with its activities, 
but because it is much more interesting than that of the polyps, 
more typical and less specialized than that of the honey bee, less 
generalized than that of the wasps and bumble-bees, and has been 
much more thoroughly investigated than the colonies of the sting- 
less bees and the termites. 

The most general organismal character of the ant-colony is its 
individuality. Like the cell or the person, it behaves as a unitary 
whole, maintaining its identity in space, resisting dissolution and, 
as a general rule, any fusion with other colonies of the same or 
alien species. This resistance is very strongly manifested in the 
fierce defensive and offensive codperation of the colonial personnel. 
Moreover, every ant-colony has its own peculiar idiosyncrasies 
of composition and behavior. This is most clearly seen in the 
character of the nest, which bears about the same relation to the 
colony that the shell bears to the individual Foraminifer or mol- 
lusc. The nest is a unitary structure, built on a definite but 
plastic design and through the codperation of a number of persons. 
It not only reflects the idiosyncrasies of these persons individually 
and as a whole, but it often has a most interesting adaptive growth 
and orientation which may be regarded as a kind of tropism. In 
many species the nest mounds, which are used as incubators of the 
brood and as sun-parlors for the adult ants, are constructed in 
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such a manner as to utilize the solar radiation to the utmost. 
In the Alps and Rocky Mountains we find the nests oriented in such 
a manner that the portions in which the brood is reared face south 
or east, and as time goes on the nests often grow slowly in these 
directions, like plants turning to the light, so that they become 
greatly elongated. This orientation is, in fact, so constant in some 
species that the Swiss mountaineers, when lost in a fog, can use it 
as a compass. 

Every complete ant-colony, moreover, has a definite stature 
which depends, of course, on the number of its component persons. 
And this stature, like that of personal organisms, varies greatly 
with the species and is not determined exclusively by the amount 
of food, but also by the queen mother’s fertility, which is constitu- 
tional. Certain ants live in affluence but are nevertheless unable 
to form colonies of more than fifty or a hundred individuals, while 
others, under the same conditions, have a personnel of thousands 
or tens of thousands. 

One of the most general structural peculiarities of the person 
is the duality of its composition as expressed in the germ-plasm on 
the one hand and the soma on the other, and the same is true of 
the ant-colony, in which the mother queen and the virgin males 
and females represent the germ-plasm, or, more accurately speak- 
ing, the ‘Keimbahn,’ while the normally sterile females, or workers 
and soldiers, in all their developmental stages, represent the soma. 
In discussing the question of the inheritance or non-inheritance of 
acquired characters the Neodarwinians trace all the congenital 
modifications of the worker and soldier phases to the queen, 
just as in the personal organism all the congenital somatic char- 
acters are traced to the germ-plasm of the egg. Since the homo- 
logue of the reproductive organ of the ant-colony consists of the 
virgin males and females, and since the males mature earlier than 
the females, the colony may be regarded as a protandric hermaph- 
rodite. Some colonies, however—and this is probably charac- 
teristic of certain species—produce only males or females and are 
therefore in a sense gonochoristic, or dicecious. And this protan- 
dric hermaphroditism and gonochorism, like the corresponding 
conditions in persons, may be interpreted as a device for, or, at 
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any rate, as an aid, in insuring cross-fertilization. The fecun- 
dated queen of the ant-colony represents the first link in the 
‘Keimbahn’ and therefore corresponds to the fertilized egg of the 
personal organism. She produces both the worker personnel and 
the virgin males and females, just as the fertilized egg produces 
both the soma and the germ-cells. The colonial soma, moreover, 
may be differentiated as the result of a physiological division of 
labor into two distinct castes, comprising the workers in which the 
nutritive and nidificational activities predominate, and the sol- 
diers, which are primarily protective. Here, too, the resemblance 
to the differentiation of the personal soma into entodermal and 
ectodermal tissues can hardly be overlooked. 

The structure of the ant-colony thus appears to be very simple 
as compared with that of its component persons. The question 
naturally arises as to the particular type of unicellular or per- 
sonal organism which it most resembles. Undoubtedly, if we 
could see it acting in its entirety, the ant-colony would resemble 
a gigantic foraminiferous Rhizopod, in which the nest would rep- 
resent the shell, the queen the nucleus, the mass of ants the 
plasmodium and the files of workers, which are continually going 
in and out of the nest, the pseudopodia. 

The ant-colony, of course, like the person, has both an onto- 
genetic and a phylogenetic development; the former open to 
observation, the latter inferred from the ontogeny, a comparison 
of the various species of ants with one another and with allied 
Hymenopterous insects, and from the paleontological record. 
The fecundated queen, as I have stated, represents the fertilized 
egg which produces the colonial organism, but she is a winged and 
possibly conscious egg, capable not only of actively disseminating 
the species, like the minute eggs of many marine animals, but of 
selecting the site for the future colony. After finding this site 
she discards her wings and henceforth becomes sedentary like the 
wingless workers which she will produce. The whole colony rests 
satisfied with the nesting site selected by its queen if the environ- 
mental conditions remain relatively constant. If these become 
unfavorable, however, the colony will move as a whole to a new 
site. In most species such movements are rather limited, but the 
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nomadic driver and legionary ants are almost continually moving 
from place to place and must cover a considerable territory during 
the year. After the queen has selected the nesting site, she im- 
mures herself in some earthen or vegetable cavity, lays a number 
of eggs, supplying them with yolk derived by metabolism from 
her fat-body and now useless wing-muscles, and feeds the hatch- 
ing larve on her salivary secretion, which, though highly nutri- 
tious, is, nevertheless, very limited in quantity, so that the off- 
spring when mature are dwarfed and very few in number. They 
are in fact, workers of the smallest and feeblest caste; but they set 
to work enlarging the nest, break through the soil or plant tissues, 
construct an entrance on the surface and seek food for themselves 
and their famished mother. This food enables her to replenish her 
fat-body and to produce more eggs. Her expansive instincts 
and activities now contract, so to speak, and become reduced 
henceforth to a perpetual routine of assimilation, metabolism 
and oviposition. She produces brood after brood during her long 
life which may extend over a period of ten to thirteen years. Her 
workers assume the duties of foraging, of feeding the larve and 
one another, and of completing the nest. Their size and poly- 
morphism increase with successive broods, till the soldier forms, 
if these are characteristic of the species, make their appearance. 
Then the individuals which correspond to the reproductive cells 
of the personal organism, namely, the virgin males and females 
develop, and the colonial organism may be said to have reached 
maturity. Like the personal organism, it may persist for thirty 
or forty years-or,, perhaps, even longer without much growth of 
its soma, since the workers and soldiers of which this consists are 
exposed to many vicissitudes and live only from three to four 
years and probably, as a rule, for a much shorter period. If 
the queen grow too old or die the colony, as a rule, dwindles and 
eventually perishes unless her place is taken by one or more of 
her fertile daughters. 

This is the ontogenetic history of most ant-colonies. It is so 
similar to the phylogenetic history derived from the sources men- 
tioned above that we have no hesitation in affirming that it con- 
forms in the most striking manner to the biogenetic law. The 
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very ancient behavior of the solitary female Hymenopteron is 
still reproduced during the incipient stage of colony formation, 
just as the unicellular phase of the Metazoon is represented by 
the egg. A further correspéndence of the ontogeny and phylog- 
eny is indicated by the fact that the most archaic and primitive 
of living ants form small colonies of monomorphic workers 
closely resembling the queen, whereas the more recent and most 
highly specialized ants produce large colonies of workers not only 
very unlike the queen but unlike one another. 

In order to complete the foregoing account it will be necessary 
to consider some interesting modifications of the usual method 
of colony formation and growth, especially as these modifications 
furnish additional and striking evidence in favor of the contention 
that the ant-colony is a true organism. In many species, after the 
colony has reached maturity and especially if the food-supply 
continue to be abundant, several of the virgin females may be 
fecundated in the nest, lose their wings and remain as members of 
the colony. This may, indeed, contain half a dozen and in extreme 
cases as many as forty or fifty or even more fertile queens. But 
often the growth of the colonial organism becomesexcessive through 
an increase in the worker personnel and passes over into a form of 
colonial reproduction, when the young fertilized queens, each 
accompanied by a band of workers, start new nests in the vicinity 
of the parental formicary. In this manner a very large and com- 
plex colony may arise and extend over many adjacent nests. For 
some time the new settlements may remain in communication with 
the home-nest through files of workers, but eventually the daugh- 
ter settlements may become detached and form independent 
colonies. The resemblance of this method of reproductton, which 
is essentially the same as thesswarming in the honey-bee, to the 
asexual reproduction of many unicellular and multicellular organ- 
isms by a process of budding, is too obvious to need further com- 
ment. 

The important rdle of nutrition in the development of the 
colony will be clear from the foregoing remarks. It becomes even 
more striking in the methods adopted by the queens of cer- 
tain parasitic species in starting their colonies. Some European 
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observers and myself have found a number of queen-ants that are 
unable to found colonies without the aid of workers of allied spe- 
cies. These queens may be separated into four groups, as follows: 

1. The queen which enters a colony of an alien species and 
decapitates its queen or is the occasion of her being killed off by 
her own workers. The intrusive queen is then adopted by the 
workers and a compound colonial organism arises, consisting of 
the germ-plasm of one species and the soma of another. The queen 
proceeds to lay eggs, which are reared by the alien workers, thus 
relieving her of all the labor and exhaustion endured by the inde- 
pendent typical ant-queen during the early stages of colony for- 
mation. Pari passu with the development of the worker off- 
spring of the intrusive queen, the worker nurses grow old and die, 
so that the colony eventually comes to consist of only one species, 
the soma of the host being replaced by that of the parasite. This 
method of colony formation, first observed among our American 
ants and later among certain Huropean and North African species, 
I have called temporary social parasitism. Now many of the 
species, which behavein this manner, have extremely small queens, 
or queens provided with a peculiar pilosity or sculpture that tend 
to endear them to the workers of the alien colonies which they 
invade. If we regard the large fertilized queens of ordinary ants, 
which are supplied with a voluminous fat-body and wing-muscu- 
lature, as representing eggs provided with a great amount of yolk, 
and the diminutive queens of the temporary social parasites as 
the equivalents of alecithal eggs, we have another striking resem- 
blance between the personal and colonial organisms, for the large 
queens, like the yolk-laden eggs of many vertebrates, are produced 
in small numbers but are able to generate the colonial soma inde- 
pendently, whereas the small queens, which are produced in 
great numbers, in order that some of them may survive the vicissi- 
tudes of a parasitic life, correspond to the small yolk-less eggs of 
many parasites, which have to be deposited in plant or animal 
tissues in order that the imperfect young on hatching may be 
surrounded by an abundance of food. 

2. The queen of the blood-red slave-maker (Formica san- 
guinea) adopts a different method. She enters the colony of an 
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allied species, snatches up the worker brood and kills any of the 
workers or queens that endeavor to dispute her possessions. The 
ants hatch with a sense of affiliation with their foster mother and 
proceed to rear her eggs and larvee as soon as they appear. Here, 
too, the colony isformed by amixture of two species, but the work- 
ers produced by the intrusive queen inherit her predatory instincts 
and therefore become slave-makers. They keep on kidnapping 
worker larve and pupe from the nests of the alien species, carry 
them home, and eat some of them but permit many to mature, so 
that the mixed character of the colony is maintained. This, how- 
ever, is not invariably the case, for old and vigorous sanguinea 
colonies may cease to make slave-raids and the slaves may die off 
and leave a pure colony of the predatory species. The advantages 
of this method of colony formation are obvious, for the colonial 
soma, being composed of two species, grows more rapidly and is 
much more efficient as a nutritive and protective support to the 
colonial germ-plasm, which is restricted to the predatory species. 

3. The colony-founding queen of the amazon ants of the genus 
Polyergus resorts to a modification of the method adopted by 
sanguinea, as has been shown by Emery’s recent observations. 
She enters the colony of an alien species, perforates its queen’s 
head with her sickle-shaped mandibles and permits herself to be 
adopted by the workers. She pays no attention to the brood but 
begins to lay eggs, the larvee from which are carefully reared by 
the workers. The Polyergus offspring inherit the pugnacity of 
their mother, but, like the sanguinea workers, have the ability 
to kidnap the brood of other ants. They are, in fact, slave-makers 
of a very deft and ferocious type. Like their mother, however, 
they are unable to excavate the nest, to care for their own young 
or to take food except from the mouths of the workers that hatch 
from the kidnapped larve and pupe. The mixture of the two 
species is therefore obligatory, and the slave personnel, which 
represents the nutritive and nest-building portions of the colonial 
soma, has to be maintained throughout the life of the colony. 

4. Certain feeble queen ants belonging to a few aberrant 
genera (Anergates, Wheeleriella) invade populous nests of an alien 
species and are adopted in the place of their queens, which are 
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destroyed by their own workers. The parasites then proceed to 
lay eggs but these give rise only to males and females as the 
worker caste is entirely suppressed. The colony retains a mixed 
character, the parasitic species usurping the functions of the germ- 
plasm, while the host is purely somatic. As there are no means 
of prolonging the lives of the host-workers and as they do not re- 
produce, the whole colony is short-lived and the maturation of the 
parasitic sexual individuals has to be accelerated so that it will 
fall within the brief life-time of the worker hosts. This condition 
I have called permanent social parasitism. 

These four peculiar types of colony-formation all lead to 
the formation of compound colonial organisms, comparable to 
certain compound personal organisms which, with few exceptions, 
ean be produced only by artificial means. In temporary social 
parasitism the colonial egg can develop its somaonly when grafted 
on to the soma of another species. This soma eventually perishes 
and the colony then assumes a normal complexion. This condi- 
tion reminds us of certain tropical plants, like the species of Clusia 
and Ficus, which develop as epiphytes on other trees but after 
killing their hosts take root in the soil and thenceforth grow as in- 
dependent organisms. The slave-makers of the sanguinea or 
facultative type are also unable to develop the soma except when 
grafted on to the soma of another species, but in this case the co- 
operation of both somas in nourishing and protecting the germ- 
plasm is maintained for a much longer period. This kind of colony 
may be compared with a graft made by uniting the longitudinal 
half of one plant with that of another so that both take nourish- 
ment through their roots. To make the resemblance more com- 
plete one of the grafted halves would have to be pruned in such a 
manner as to prevent flowering. In the amazons or obligatory 
slave-makers and the permanent social parasites the alien soma 
alone has a nutritive function, so that the conditions are like those 
in ordinary vegetable grafts, in which the stock retains the roots 
and the scion produces the flowers and fruit. 

I have dwelt on the various methods of colony formation not 
only because they give us an insight into colonial reproduction, 
but because they throw light on the colonial organism from the 
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standpoint of parasitology. That the four types of queens and 
their offspring are directly comparable with entoparasitic persons 
is not so remarkable as the fact that in ants the host and para- 
site form a mixed organism which could only be obtained 
with persons by jumbling together the component cells of host 
and parasite like two kinds of peas shaken in a bottle. Notwith- 
standing this mixture the parasitic colony not only retains its 
identity and the anticipatory character of its behavior but cas- 
trates the host colony and constrains its soma either to codperate 
in many of its activities or to specialize as a purely nutritive or 
nest-building auxiliary. The host is thus reduced to the status 
of a nourishing or protective organ of the parasite. This behavior 
has many striking analogies among persons. Guard long ago 
called attention to the fact that when the cirriped Sacculina 
settles under the abdomen of a male crab and sends its rootlike 
haustoria into the tissues of its host, the latter undergoes cas- 
tration, and its narrow abdomen expands to form a protection 
for the soft-bodied parasite. In other words, the parasite acts 
as if it were a mass of crabs’ eggs and the male crab behaves as 
if it had changed its sex and develops an abdomen of the female 
type. 

Not only are there ants, like those already considered, that may 
be regarded as colonial entoparasites, but there are also a number 
of species that may be called colonial ectoparasites. These form 
the so-called ‘compound nests,’ in which two or more species 
live amicably side by side, or may even mingle freely with one 
another, but rear their broods in separate nests, thus indicating 
in the clearest manner the integrity of the colonial organism. This 
is also shown by the vast number of myrmecophilous insects, 
which are, of course, ento- or ectoparasitic persons, and behave 
towards the ant colony as if it were a rather incoherent and there- 
fore more vulnerable, or exploitable personal organism. 

Finally we come to what the neovitalists regard as the most 
striking autonomic manifestations of the organism, namely the 
regulations and restitutions, and face the question as to whether 
these, too, have their counterpart in the colonial organism. I 
believe that the following facts compel us to answer this ques- 


THE ANT-COLONY AS AN ORGANISM 319 


tion in the affirmative. If the worker personnel be removed from 
a young ant-colony, leaving only the fertile queen, we find that 
this insect, if provided with a sufficiently voluminous fat-body, 
will set to work and rear another brood, or, in other words, re- 
generate the missing soma. And, of course, any portion of the 
worker or sexual personnel, that is removed from a vigorous colony 
will be readily replaced by development of a corresponding portion 
of the brood. On the other hand, if the queen alone be removed, 
one of the workers will often develop its ovaries and take on the 
egg-laying function of the queen. In ants such substitution 
queens, or gynaecoid workers are not fertilized and are therefore 
unable to assume their mother’s worker- and queen-producing 
functions. The termites, however, show a remarkable provision 
for restituting both of the fertile parents of the colony from the 
so-called complemental males and females. In ants we have a 
production of fertile from normally infertile individuals, but the 
incompleteness of the result does not disprove the existence of a 
pronounced restitutional tendency. 

Very striking examples of this tendency are exhibited when 
colonies are injured by parasitic myrmecophiles. I shall consider 
only the case of the peculiar beetle Lomechusa strumosa, which 
breeds in colonies of the blood-red slave-maker (Formica san- 
guinea). Though the beetle and its larve are treated with great 
affection, the latter devour the ant larve in great numbers, 
so that little of the brood survives during the early summer months 
when the colony is producing its greatest annual increment to the 
worker personnel. The ants seem to perceive this defect and en- 
deavor to remedy it by converting all the surviving queen larve 
into workers. But as these larve have passed the stage in their 
development when such an operation can be successful, the result 
is the production of a lot of pseudogynes, or abortive creatures 
structurally intermediate between the workers and queens and 
therefore useless in either capacity. It is instructive to com- 
pare this case with the regeneration of the lens from the iris in the 
Amphibian eye. In his recent analysis of the stimuli of restitu- 
tion in personal organisms Driesch reaches the conclusion that 
“the specificity of what is taken away certainly forms part of the 
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stimulus we are searching for, and it does so by being communi- 
cated in some way by something that has relations to many, if 
not all, parts of the organism and not only to the neighboring 
ones.”’ He also says that “‘each part of the organism assigns its 
specific share to an unknown something and that this something 
is altered as soon as a part is removed or absolutely stopped in 
its functional life, and that the specific alteration of the something 
is our stimulus of restitutions.’”’ These quotations and Driesch’s 
further discussion of the problem are even clearer in their applica- 
tion to the colonial than to the personal organism, for in the 
former it is much easier to see how each individual insect “can 
do more than one thing in the service of restitution” than it is 
to understand how each cell of the person can do more than one 
thing in restoring a lost organ. 

I fear that I may have wearied you with this long attempt to 
prove that the ant-colony is a true organism, especially as this 
statement must seem to some of you to be too trite for discussion, 
but when an author like Driesch writesa large workin two volumes 
on the ‘‘Philosophy of the Organism’ and ignores the colonial 
organisms altogether, an old-fashioned zoologist may perhaps be 
pardoned for calling attention to a well-founded, though some- 
what thread-bare, biological conception. 

If it be granted that the ant-colony and those of the other social 
insects are organisms, we are still confronted with the formidable 
question as to what regulates the anticipatory co6peration, or 
synergy of the colonial personnel and determines its unitary and 
individualized course. The resemblance of the ant- or bee-colony 
to the human state long ago suggested a naive reply to this ques- 
tion. Aristotle naturally supposed the colonial activities to be 
directed and regulated by a Baovdtels or jyeuwv, because these 
personages managed affairs in the Greek states. After the sex 
of the fertile individual had been discovered by Swammerdam, 
the word ‘queen’ was naturally substituted for Bacvdebs or ‘king,’ 
and as queens in human states do not necessarily govern and are 
often rather anabolic, sedentary and prolific persons and the 
objects of much flattering attention, the term is not altogether 
inapt when applied to the fertile females of insect colonies. It 
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has been retained although everybody knows that these colonies 
represent a form of society very different from our own, a kind of 
communistic anarchy, in which there is ‘‘neither guide, overseer 
nor ruler,” as Solomon correctly observed. In this respect too, the 
colony is essentially the same as the personal organism, at least 
in the opinion of those who do not feel compelled to assume the 
existence of a ‘soul’ in the scholastic sense. For it is clear, that to 
primitive thinkers the soul was supposed to bear the same rela- 
tion to the person as the Baovrebs to the insect colony and the 
king to the human state. This supposition is still held though in 
a more subtle form, by writers of the present day. Some of these, 
like Maeterlinck, clothe the postulated controlling agency in a. 
mystical or poetic garb and call it the ‘spirit of the hive.’ The 
following passage from the Belgian poet’s charming account of 
the honey-bee will serve to illustrate this method of meeting the 
problem: 


What is this ‘spirit of the hive’—where does it reside? It is not like 
the special instinct that teaches the bird to construct its well planned 
nest, and then seek other skies when the day for migration returns. 
Nor is it a kind of mechanical habit of the race, or blind craving for life, 
that will fling the bees upon any wild hazard the moment an unfore- 
seen event shall derange the accustomed order of phenomena. On the 
contrary, be the event never so masterful, the ‘spirit of the hive’ still 
will follow it, step by step, like an alert and quickwitted slave, who is 
able to derive advantage even from his master’s most dangerous orders. 

It disposes pitilessly of the wealth and the happiness, the liberty and 
life, of all this winged people; and yet with discretion, as though governed 
itself by some great duty. It regulates day by day the number of births, 
and contrives that these shall strictly accord with the number of flowers 
that brighten the country-side. It decrees the queen’s deposition or 
warns her that she must depart; it compels her to bring her ownrivals into 
the world, and rears them royally, protecting them from their mother’s 
political hatred. So, too, in accordance with the generosity of the flowers, 
the age of the spring, and the probable dangers of the nuptial flight 
will it permit or forbid the first-born of the virgin princesses to slay in 
their cradles her younger sisters, who are singing the song of the queens. 
At other times, when the season wanes, and flowery hours grow shorter, 
it will command the workers themselves to slaughter the whole imperial 
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brood, that the era of revolutions may close, and work become the sole 
object of all. The ‘spirit of the hive’ is prudent and thrifty, but by no 
means parsimonious. And thus, aware, it would seem, that nature’s 
laws are somewhat wild and extravagant in all that pertains to love, it 
tolerates, during summer days of abundance, the embarrassing presence 
in the hive of three or four hundred males, from whose ranks the queen 
about to be born shall select her lover; three or four hundred foolish, 
clumsy, useless, noisy creatures, who are pretentious, gluttonous, dirty, 
coarse, totally and scandalously idle, insatiable, and enormous. 

But after the queen’s impregnation, when flowers begin to close sooner 
and open later, the spirit one morning will coldly decree the simultaneous 
and general massacre of every male. It regulates the workers’ labours 
with due regard to their age; it allots their task to the nurses who tend 
the nymphs and the larve, the ladies of honour who wait on the queen 
and never allow her out of their sight; the house-bees who air, refresh, or 
heat the hive by fanning their wings, and hasten the evaporation of the 
honey that may be too highly charged with water; the architects, masons, 
wax-workers, and sculptors who form the chain and construct the combs; 
the foragers who sally forth to the flowers in search of the nectar that 
turns into honey, of the pollen that feeds the nymphs and the larve, 
the propolis that welds and strengthens the buildings of the city, or the 
water and salt required by the youth of the nation. Its orders have gone 
to the chemists who ensure the preservation of the honey by letting a 
drop of formic acid fall in from the end of their sting; to the capsule 
makers who seal down the cells when the treasure is ripe, to the sweepers 
who maintain public places and streets most irreproachably clean, to the 
bearers whose duty it is to remove the corpses; and to the amazons of the 
guard who keep watch on the threshold by night and by day, question 
comers and goers, recognize the novices who return from their very first 
flight, scare away vagabonds, marauders and loiterers, expel all intruders, 
attack redoubtable foes in a body, and, if need be, barricade the en- 
trance. 

Finally, it is the spirit of the hive that fixes the hour of the great annual 
sacrifice to the genius of the race: the hour, that is, of the swarm; when 
we find a whole people, who have attained the topmost pinnacle of pros- 
perity and power, suddenly abandoning to the generation to come their 
wealth and their palaces, their homes and the fruits of their labour; 
themselves content to encounter the hardships and perils of a new and 
distant country. This act, be it conscious or not, undoubtedly passes the 
limits of human morality. Its result will sometimes be ruin, but poverty 
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always; and the thrice-happy city is Scattered abroad in obedience to a 
law superior to its own happiness. Where has this law been decreed 
which, as we soon shall find, is by no means as blind and inevitable as 
one might believe? Where, in what assembly, what council, what in- 
tellectual amd moral sphere, does this spirit reside to whom all must 
submit, itself being vassal to an heroic duty, to an intelligence whose eyes 
are persistently fixed on the future? 

It comes to pass with the bees as with most of the things in this world; 
we remark some few of their habits; we say they do this, they work in 
such and such fashion, their queens are born thus, their workers are 
virgin, they swarm at a certain time. And then we imagine we know 
them, and ask nothing more. We watch them hasten from flower to 
flower, we see the constant agitation within the hive; their life seems very 
simple to us, and bounded, like every life, by the instinctive cares of 
reproduction and nourishment. But let the eye draw near, and endeay- 
our to see; and at once the least phenomenon of all becomes overpower- 
ingly complex; we are confronted by the enigma of intellect, of destiny, 
will, aim, means, causes; the incomprehensible organization of the most 
insignificant act of life. 


Other authors like Driesch, give the postulated controlling 
agency the sharper outlines of a would-be scientific but in reality 
metaphysical entity and call it the ‘entelechy.’ It is true that 
the entelechy is deduced by Driesch from the autonomic peculiari- 
ties of the personal organism, but as the colony has all the essen- 
tial attributes of the organism, he would undoubtedly assign it an 
entelechy, which according to the definition would have to be 
nonspacial, but working into space, nonspsychic, but conceivable 
only after analogy with the psychic, and non-energetic, but never- 
theless capable of determining the specificity of the colonial 
activities through releasing and distributing energy. 

I confess that I find the entelechy quite as useless an aid in 
unravelling the complex activities of the ant-colony as others have 
found it in analyzing the personal organism. This angel-child, 
entelechy, comes, to be sure, of most distinguished antecedents, 
having been mothered by the Platonic idea, fathered by the Kant- 
ian Ding-an-sich, suckled at the breast of the scholastic forma 
substantialis and christened, from a strong family likeness, after 
old Aristotle’s darling evredéxeca, but nevertheless, I believe that 
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we ought not to let it play about in our laboratories, not because 
it would occupy any space or interfere with our apparatus, but 
because it might distract us from the serious work in hand. I 
am quite willing to see it spanked and sent back to the metaphys- 
ical house-hold. 

But, speaking seriously, it seems to me.that if the organism be 
inexplicable on purely biological grounds, we should do better to 
resort to psychological agencies like consciousness and the will. 
These have at least the value which attaches to the most imme- 
diate experience. And even the subconscious and the super- 
conscious are more serviceable as explanations than such anaemic 
metaphysical abstractions as the entelechy. Of course, psychic 
vitalism is one of Driesch’s pet aversions and he will have none of 
it, because he is a solipsist, but the fact that he is compelled to 
operate with a ‘psychoid’ and with an entelechy conceivable only 
per analogiam with the psychic, shows the inconsistency of his 
position. 

Before we can adopt any ultrabiological agencies, however, 
except in a tentative and provisional manner, an old and very 
knotty problem will have to be more thoroughly elucidated. I 
refer to the problem of the correlation and coédperation of parts. 
If the cell is a colony of lower physiological units, or biophores, 
as some cytologists believe, we must face the fact that all organisins 
are colonical or social and that one of the fundamental tendencies 
of life is sociogenic. Every organism manifests a strong predelec- 
tion for seeking out other organisms and either assimilating them 
or codperating with them to form a more comprehensive and effi- 
cient individual. Whether, with the mechanists, we attribute this 
tendency to chemotropism or cytotropism, or with the psychic 
neovitalists, interpret it as conscious and voluntary, we certainly 
cannot afford to ignore the facts. The study of the ontogeny of the 
person, 7.e., the person in the process of making, in the handsof 
recent experimentalists, has thrown a flood of light on the pecu- 
liarities of organization, but the animal and plant colony are in 
certain respects more accessible to observation and experiment, 
because the component individuals bear such loose spacial rela- 
tions to one another. Then too, the much simpler and more primi- 
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tive organismal type of the colony, as compared with that of the 
person, should enable us to follow the process of consociation and 
the resulting physiological division of labor moresuccessfully. In 
the problem, as thus conceived, we must include, not only the 
true colony and society, and the innumerable cases of symbiosis, 
parasitism and ccenobiosis, but also the consociation and mutual 
modification of hereditary tendencies in parthenogenetic and 
biparental plants and animals, since in all of these phenomena our 
attention is arrested not so much by the struggle for existence, 
which used to be painted in such lurid colors, as by the ability 
of the organism to temporize and compromise with other organ- 
isms, to inhibit certain activities of the aequipotential unit in the 
interests of the unit itself and of other organisms; in a word, to 
secure survival through a kind of egoistic altruism.’ 


2Since this paragraph was written I have found that several recent authors 
have given more explicit expression to a very similar conception to the réle of 
cooperation and struggle in the development of organisms. Especially worthy 
of mention in this connection are Kammerer (Allgemeine Symbiose und Kampf 
ums Dasein als gleichberechtigte Triebkraifte der Evolution. Arch. f. Rass. u. 
Ges.-Biol.6, 1909, pp. 585-608), Schiefferdecker (Symbiose. Sitzb. niederrhein. 
Ges. f. Natur. u. Heilk. zu Bonn, 18, Juni, 1904, 11 pp.), Bolsche (Daseinskampf 
und gegenseitige Hilfe in der Entwicklung. Kosmos, 6,'1909); and Kropotkin 
(Mutual aid, a factor of evolution, London, 1902). 
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This account, which deals with some of the sexual activities 
of the squid, is based upon observation made on specimens kept in 
glass sided aquaria at the Marine Biological Laboratory, Woods 
Hole, Mass. Specimens caught in the fish traps of the immediate 
vicinity may, by careful handling, be kept in aquaria in fairly 
good condition for a number of days. Such specimens occasion- 
ally copulate and eggs are sometimes laid. 

There are two methods of copulation. By one method the sper- 
matophores ejaculate their contentsso the sperm reservoirs thrown 
from them are attached in a special depression on the inner side 
of the outer buccal membrane opposite the junction of the two 
ventral arms (figs. 8 and 10). They then slowly emit sperm, 
which are carried to and stored in, a special sperm receptacle 
that opens near this depression and is imbedded in the tissue of 
the outer buccal membrane (figs. 10 and 11). In this receptacle 
the sperm are mixed with a secretion and are not active. How 
long the sperm may be retained in the receptacle is not known, 
but there is some reason to think that they may be retained for 
at least some weeks. Females with eggs that can be fertilized 
may be found during the four months, June to late September, 
that I have worked at Woods Hole. Without exception every 
adult female that had not spawned had the sperm receptacle filled 
more or less completely with sperm, although in many cases the 
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eggs were far from mature. This, together with the dormant 
condition of the sperm in the receptacle, and the fact that they 
seem to be poured out only during egg laying, point to a possible 
long retention. It is certain that the same female may have 
sperm reservoirs attached near this receptacle a number of times 
after it has been filled, and it is possible that the same sperm do 
not continue long in the receptacle. There seems, however, to 
be no evidence that they are discharged except during the period 
of egg laying. at 

The other method of copulation results in fastening the sperm 
reservoirs of the ejaculated spermatophores near the end of the 
oviduct (fig. 8, s) usually directly on its walls but sometimes on 
the mantle, gill or visceral mass. There is no special receptacle 
for the sperm from these sperm reservoirs. They escape into the 
water, becoming active as they escape, and pass out with the water 
through the funnel. The escape of the sperm is rather rapid but 
there are vast numbers in each reservoir, from which they are 
constantly poured like smoke from a chimney until the reservoir 
is empty. It is not known how long it takes to empty a reser- 
voir but by keeping reservoirs from spermatophores that ejacu- 
lated in dishes of sea-water, and by examining reservoirs normally 
attached to the oviducts and buccal membranes of females, it 
seems probable that the sperm do not all escape for two or more 
days. 

In aquaria I have seen rather more cases of copulation where 
the spermatophores are inserted into the mantle chamber than 
where the sperm reservoirs are attached to the buccal membrane. 
This may be because of the limited quarters in aquaria. In the 
larger floating tanks, in which specimens are sometimes kept be- 
fore they are brought into the laboratory, the buccal membrane 
copulation seems proportionally more common than in aquaria, 
but even here the mantle chamber copulation seems to be rather 
more frequent. 

The same individuals may copulate several times in the course 
of a few hours. In general the male is aggressive. The female 
may attempt to escape or she may be quite passive. Spermato- 
phores seem to be inserted in the mantle chambers of only those 
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females that are nearly ready to deposit their eggs. In the large 
number of trials made it was found that the eggs of these individ- 
uals were so nearly mature they could be artificially fertilized. 
Females that are nearly ready to deposit eggs have the nidamental 
glands considerably swollen and the accessory nidamental glands 
are highly colored with bright red. Wherever the spermatophores 
were inserted in the mantle chamber these glands were in this con- 
dition. 

Before copulation both female and male are usually especially 
active and may be known as sexually excited animals by their 
peculiar movements. ‘The female in swimming seems to be ner- 
vous or excited. She throws short but rapid puffs of water from 
the funnel, moves the tail fin very rapidly and, leaving the arms 
quite limp, spreads them apart and frequently throws them to one 
side. This gives the arms a jerky or trembling motion not showa 
in ordinary swimming. Except during the most rapid movements 
of the female, the male solemnly swims by her side, an inch or two 
away, but parallel, and with his head in the same direction. He 
frequently manipulates his arms, spreading them apart, commonly 
with the two dorsal arms elevated nearly or quite to a perpendic- 
ular position, and the third arms spread far to the sides (fig. 3). 
This position is not infrequently accompanied by localized activ- 
ity of chromatophores. A spot may appear near the base of each 
third arm and a smaller spot on each second arm a little further 
from its base. These spots do not remain continuously while 
the male is in this attitude but suddenly appear with each increase 
of activity on the part of either the male or female. Occasion- 
ally blushing is quite general over the head and anterior end of the 
body and sometimes includes the whole body but the bodies of 
both animals generally remain colorless except for the special 
spots mentioned on the male. The attitude of the male, with ele- 
vated and spread arms, is not continuous but is assumed every 
few minutes, or in some cases seconds, and the arms may be brought 
into the usual position of a swimming animal for periods of many 
minutes. 

Males do not allrespond equally tothe presence of sexually active 
females. Not uncommonly one male in an aquarium containing 
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several males will follow the females around by the hour while 
the other males remain entirely inattentive. Usually when a 
male begins to show sexual activity he will follow a single female 
although other females that show similar activities are present 
in the aquarium. Occasionally he may change to another indi- 
vidual but he nearly always returns after a few minutes to the 
one to which he has been paying chief attention. 

A few males have been observed that were so sexually excited . 
they followed individuals around quite indiscriminately. Under 
such conditions I have upon three occasions seen a male catch 
another male and insert spermatophores into his mantle chamber. 
Two of the three instances were between the same individuals, the 
second performance being only a few minutes after the first. In 
each of these cases the male seized made great efforts to get away 
and finally to get hold of the male that was holding him but was 
unsuccessful. Upon killing the male that received the spermato- 
phores, sperm reservoirs were found attached to the base of the 
left gill and to the adjacent visceral mass. Such exceptionally 
active males may copulate repeatedly with a single female. Ina 
few cases this has been carried so far that the female has actually 
been killed. Even after the female has become entirely inactive 
and apparently dead the male may copulate with her several times. 
In one case, a male that had been several days without food, after 
copulating with a weakened female, retained his hold and killed 
her by eating a considerable hole through the mantle. 

The male always uses the same arm for transferring the sperm- 
atophores. This arm, the left ventral, is not greatly modified, 
but a short distance from its tip some of the suckers, especially 
those in the row farthest from the midline of the body, and a ridge 
between the rows of suckers show modification (fig. 4, h). The 
peduncles of a dozen or more of the suckers of the outer row are 
considerably elongated and the sucking dises of a few, (six or eight) 
are greatly reduced in size or entirely absent. In both directions 
from these, the dises become increasingly normal until no modi- 
fication is apparent. The suckers of the row toward the midline 
of the body are somewhat modified, the peduncles being somewhat 
shorter than those of the other suckers in the row, and the suck- 
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ing dises somewhat smaller, but in none of the suckers of this row 
are the sucking dises entirely absent. A glandular plaited ridge 
extends lengthwise between the suckers of this region and gives 
off branches that join each of the peduncles. This ridge is highest 
and broadest opposite the suckers that are most modified and grad- 
ually disappears as the suckers become normal. At its highest 
point it has about the same elevation as the shortest modified 
suckers, which are adjacent. Sections of the modified portion of 
the arm show that the ridge and suckers mentioned are covered by 
a thick columnar epithelium that stains deeply. Many of these 
epithelial cells are filled with large rounded granules that stain 
with eosin. The cells that cover other portions of the arm are 
flattened or cubical, do not stain very deeply, and do not contain 
granules. It seems probable that the cells of the hectocotylized 
region secrete a substance that aids the arm in holding the sperm- 
atophores. The modified suckers probably make the bending 
and grasping necessary for the transfer of the spermatophores 
more easily accomplished. 

The positions of the animals during copulation are rather hard 
to determine as the whole process generally does not occupy more 
than ten seconds and during this time the animals are usually 
swimming and the arms are changing positions, but by carefully 
focusing attention during different acts upon first one arm and 
then another, the positions and movements have been determined 
with some accuracy I think. Fig. 1 represents the positions of 
the animals while the arm of the male that bears the spermato- 
phores is inserted into the mantle chamber of the female. This 
figure is the result of my conception of positions after having care- 
fully observed copulation more than twenty times. Since draw- 
ing the figure many other observations have been made and the 
positions always seem to be essentially as given. 

The male usually grasps the female while both are swimming. 
Occasonally the female may be resting on the bottom in the charac- 
teristic attitude, with the tips of the arms and the posterior 
_ end of the body touching and the head and funnel region somewhat 
elevated. If not swimming, she usually, when grasped, starts 
to swim, but in a few cases that I haveobserved she made no effort 
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and left the bottom only as she was lifted or turned by the male. 
In every case the male attached from the left side of the female. 
He frequently swims close to her and brushes the tips of his 
arms along her head and mantle. Just before attaching, if both 
are swimming, he sinks slightly beneath her and grasps her 
body with his arms so that his right arms are all on the right 
side of her body and his left arms are all on her left side. The 
body of the male is seldom exactly ventral to the female but usu- 
ally slightly toward the left side. Attachment is evidently made 
as nearly as possible in the required position but when the female 
darts ahead, as she frequently does, the male is likely to attach too 
far posteriorly. In such caseshe does not let go his hold but crawls 
rapidly forward, arm over arm, until the right position is attained. 
Naturally the positions of the individual arms differ somewhat 
but in general the arrangement is reasonably well shown in fig. 1. 

For about a second after his position is attained the arms seem 
busy in making firm attachments, then with a rapid sweep his 
left ventral arm is passed by the end of his funnel and is im- 
mediately inserted into the mantle chamber along the left side 
of her neck, near the funnel. During the act both animals are 
usually quite without color and the inserted arm of the male 
may be seen fairly distinctly inside the mantle chamber. 

The movement of the arm past the funnel is rapid and only once 
have I actually seen the grasping of the spermatophores and their 
transference to the mantle chamber. In this case while watch- 
ing squid in an aquarium that was placed so the squid were between 
me and a window, a male grasped a female that was resting on the 
bottom. The female, contrary to the usual custom, did not move. 
As the male had attached far back on the body, opportunity was 
given me to get into position for observation before the male 
could crawl forward. As the female made no attempt to get free, 
the male seemed far more deliberate than usual. Just before the 
arm was passed by the end of the funnel, the penis could be seen 
protruding into it. A number of spermatophores appeared in the 
opening of the funne) and were grasped by bending the tip of the 
arm around them. With a rapid sweep of the arm they were 
immediately inserted into the mantle chamber of the female 
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where they were held about five or six seconds. The arm was 
then withdrawn and in about five or six seconds more the empty 
cases of the spermatophores passed out of the funnel of the female 
with a respiratory jet of water. These spermatophore cases 
were pretty closely attached to each other by having the tubes of 
their ejaculatory apparatus twisted together. They were re- 
covered and found to be 41 in number. To the cluster were at- 
tached five sperm reservoirs. Examination of the female later 
showed that most of the other reservoirs were attached near the 
end of the oviduct. While the number of spermatophores used 
in an act of copulation varies greatly, the observations that have 
been made, indicate that this may be a little, but not much above 
the average. 

The animals nearly always separate almost immediately after 
the arm is withdrawn. Beside the male which started to eat the 
female, a very few individuals have remained attached for from 
some seconds to nearly a minute after the arm has been with- 
drawn. 

After copulation the female frequently seems considerably fa- 
tigued and may settle to the bottom and rest some minutes before 
becoming active again. I am rather inclined to think that this 
is due to her struggles, for when the female remained quiet, the 
apparent fatigue did not seem so marked. The male does not 
seem greatly affected, but is likely to continue to be very active 
for some time. 

The copulation that leads to the filling of the sperm receptacle 
on the buccal membrane does not seem to be preceded by special 
movements. Although I have observed it several times the ab- 
sence of preparatory movement has left me rather unprepared 
for the observations that must necessarily be made so quickly, 
for in this, as in the other form of copulation, the animals are sel- 
dom in contact more than ten seconds. In the cases I have ob- 
served my attention has been attracted by the sudden dart of one 
squid, the male, from one end of the aquarium directly at another, 
the temale. Before the dart the squid face each other, and are 
separated by thirty centimeters or more. The movement was 
always exceedingly rapid and was probably due in each case to the 
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expulsion of a single jet of water. The male seemed to reach the 
female before she had time to move much, although she has given 
me the impression of attempting to dodge as if frightened. The 
two animals become attached head to head with their arms inter- 
mingled, each grasping the other (fig. 2). Then as in the other 
method, the male sweeps his left ventral arm past the end of the 
funnel and grasps the bundle of spermatophores. These are im- 
mediately thrust between the ventral armsof the female and held 
there for a few seconds. The animals then separate and exami- 
nation has shown fresh sperm reservoirs attached to the receiv- 
ing depression on the buccal membrane of the female. The empty 
cases of the ejaculated spermatophores may be held between the 
arms several minutes but they are finally dropped. Here, as in 
the other method of copulation, only the sperm reservoirs are 
retained for any length of time. 

The spermatophores begin to ejaculate immediately after leav- 
ing the penis and the whole process is completed in a very few 
seconds. Pulling the filament attached to the ejaculatory end of 
a spermatophore is all that is needed to start its ejaculation. As 
the ejaculatory end of the spermatophore leaves the penis last and, 
as the spermatophores in the penis and the spermatophoric sac 
are imbedded in a viscid secretion, there is every reason to believe 
that the pull given the spermatophores by the arm with which they 
are grasped, when this arm starts to transfer them from the penis 
to the mantle chamber or to the buccal membrane, is sufficient to 
start ejaculation. The arm carries the spermatophores into the 
position necessary for the attachment of the sperm reservoirs 
while they are ejaculating and holds them there until the ejacu- 
lation is complete and the reservoirs are attached. 

The structure of the spermatophores and the mechanics of 
ejaculation which lead to the attachment of the reservoirs will 
be treated in another paper. It should, however, beunderstood 
that the spermatophores are never attached as such, but they 
ejaculate and the sperm reservoirs are attached. As the reser- 
voirs are attached by cement carried inside the spermatophores 
and liberated by the ejaculation, they may be stuck anywhere. 

The sperm slowly escape from these reservoirs and may then 
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become free in the water, as when they are attached in the mantle 
chamber, or may be stored in a special receptacle, as when they 
are attached in the special depression on the outer buccal mem- 
brane. They are mixed with a viscid secretion in the reservoir 
and probably also before entering the reservoir, although I am not 
certain about the latter. The epithelium of the region is abund- 
antly supplied with goblet cells which very possibly supp’y se- 
cretion for this purpose. 

The depression in which the sperm reservoirs are mostly at- 
tached is supplied with a deeply staining columnar epithelium 
which is covered by a mass of rather hard material, evidently se- 
creted by these cells, that shows distinct markings parallel with 
the surface of the epithelium (figs. 11 and 12). These markings 
seem to indicate that the material is secreted intermittently and 
thus is formed in layers. This material forms a suitable place for 
attachment of sperm reservoirs and probably serves no other pur- 
pose. Reservoirs are sometimes attached to other portions of the 
buccal membranes or to the tentacles but they are far more abun- 
dant in the depression than anywhere else. The sperm that es- 
cape from the reservoirs that are not attached in this depression 
probably do not find their way into the sperm receptacle. 

The sperm receptacle has the shape of a compound alveolar 
gland (fig. 11). It is imbedded in the outer buccal membrane and 
opens on the inner surface of this membrane at a point opposite 
the junction of the two ventral arms. Simple cubical epi- 
thelium lines the deeper alveoli of the receptacle, and cubical 
epithelium with many goblet cells the portion nearer the open- 
ing. Some, but not many, cilia have been seen on these cells. 
The killing fluids used may not have preserved them, for the tails 
of sperm in the reservoirs are not often individually visible in the 
sections. With the exception of the tails of the sperm and the 
possible cilia on the cells the material gives evidence of good pre- 
servation. A layer of muscle fibers surrounds the receptacle as 
a whole and bundles of fibers run between and around the indi- 
vidual alveoli. 

It was not determined whether the sperm are active in the in- 
terval between their discharge from the reservoirs and their en- 
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trance into the receptacle or not. That they are not active while 
stored in the receptacle is shown by opening filled receptacles on 
dry slides. The sperm are invariably quiet, but immediately 
become active when sea-water is added. In specimens killed soon 
after copulation, sections show the sperm entering the receptacle 
in narrow streams and not spread out as one might expect them to 
be if the sperm were active (fig. 11). It was not possible to remove 
all the sea-water from living specimens in which the receptacles 
were being filled without causing disturbances in the vicinity of 
the reservoirs and that made it impossible to determine the normal 
condition of the sperm in transit from one to the other. In the 
sections that show sperm entering the reservoir the tails all point 
in the same direction, as would be the case if they were not swim- 
ming actively but were being moved by an outside force. The 
heads go first and the tails all trail behind. Swimming sperm 
usually move in all directions but there may be some directive 
cause that would account for their positions even if they are stored 
through their own activities. 

As previously stated, a female that is nearly ready to deposit 
her eggs can be told by her peculiar nervous movements and the 
way she manipulates her arms. Frequently the borders of the 
accessory nidamental glands, which are very red at this time, may 
be seen through the semi-transparent mantle and thus form a 
further indication that the eggs are nearly ready to be deposited. 
The nidamental and oviducal glands of such an animal are always 
somewhat, and frequently greatly, enlarged. Immediately after 
the eggs have been deposited these glands, while still large, are 
soft and flabby. 

As is well known the squid deposits her eggs imbedded in strings 
of a jelly-like substance which vary in size with the size of the ani- 
mal depositing them but which probably average about 8 mm. in 
diameter and 90 mm. long. The jelly consists of an inner mass 
that surrounds the eggs and a thick, rather tough but still jelly- 
like sheath that forms the outer covering. The inner jelly is se- 
creted inside the oviduct by the oviducal glands. The outer jelly is 
secreted by the nidamental glands and is apparently moulded into 
shape as it passes through the funnel. The accessory nidamental 
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glands, which lie just in front of the anterior ends of the nidamental 
glands and open by wide openings near the narrow openings 
of these glands, are very active during this period and secrete 
a viscid material. What the special function of this secretion is 
has not been determined. It would seem from position and activ- 
ity that the secretions from both sets of glands must be mixed as 
they are poured out. 

Until recently eggs have not commonly been deposited in aqua- 
ria at Woods Hole. This maybe due to the way the animals have 
been handled. Squid will not stand rough handling, either in 
capture or transportation, and live well in aquaria afterward. 
When captured in fish traps, quickly and carefully transferred to 
live cars where they are supplied with an abundance of water, and 
transported to the aquaria with as little excitement and as good 
water as possible, they may be kept several days in pretty good 
condition, but they wear themselves out by constantly bumping 
against the walls of the aquaria and are not vigorous many days. 
During each of the months I have worked at Woods Hole, June 
to late September, specimens have been obtained that have de- 
posited eggs in aquaria. During the first three months speci- 
mens ready to deposit eggs are rather easy to get. In September 
only a small proportion of those captured still contained eggs. 

Eggs are somewhat more frequently deposited in aquaria at 
night than during the day, but this may be due to the frequent 
if not nearly continuous disturbance to which they are subjected 
during the day in a laboratory where many people are working. 
The usual number of strings deposited by a female in what would 
seem to be a continuous laying period ranged from one to six. 
These strings were commonly delivered from fifteen to forty min- 
utes apart, the time between any two strings being quite variable 
in an individual. One specimen, however, deposited twenty- 
three strings in an hour and thirty-five minutes. These were laid 
during a comparatively dark day when the laboratory was quiet. 
Possibly the small number deposited by other females was due 
to disturbance. 

The end of the egg string begins to protrude from the end of 
the funnel while the female rests upon the bottom in the attitude 
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habitually assumed by resting squid (fig. 5). When from one to 
two centimeters of the egg string protrudes from the funnel, the 
female leaves the bottom and begins to swim slowly backward. 
This swimming is apparently due both to movements of the tail 
fin and to small jets of water forced from the funnel along the sides 
of the egg string. The jets of water cause the egg string tobe 
protruded gradually. The protruding end is now caught by the 
ends of the two dorsal arms, which are bent ventrally between the 
other arms for this purpose (fig. 6), and as the string is ejected from 
the funnel, it is drawn between the circlet of arms. It usually 
takes from half a minute to a minute for the egg string to pass 
through the funnel and to disappear between the arms. It is 
then held between the arms about two minutes or sometimes a 
little longer. While the string is held between the arms it is com- 
pletely enclosed by them and their free ends keep twisting around 
each other. In this position they form a cone with the apex at 
the ends of the arms (fig. 7). At other times the arms are held 
so they form a dorso-ventrally flattened expansion that serves 
somewhat as a rudder or anterior fin. The arms while enclosing 
the eggs are never entirely still but move slightly upon each other 
and are probably busy in moving the string about. While the 
string is thus held the animal slowly swims back and forth, never 
rapidly but continuously. 

Toward the end of the period during which the string of eggs 
is held, the animal shows an increasing tendency to turn the body 
into a nearly perpendicular position to bring and keep the tips of 
the arms in contact with the bottom (left animal in fig. 9). With 
the arms held quite rigid and the tail fin moving rapidly she goes 
bounding along on the tips of her arms, dorsal side foremost, with 
a movement somewhat similar to the bounces that may be ob- 
tained by pushing a lead pencil, held by one extremity and slightly 
inclined from the perpendicular, over a table. This action is 
generally repeated several times. She occasionally catches hold 
of objects with her suckers, finally catches some object firmly, 
draws down into close contact with it for two or three seconds 
(right animal in fig. 9) and, when she releases her hold, leaves the 
string of eggs fastened to the object she had laid hold of. At 
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this time the jelly of the string is soft and sticky. It hardens 
quite rapidly and soon will not stick to objects, but at this time 
it adheres readily. The position of the string when taken between 
the arms indicates that the string is finally stuck by the end that 
first leaves the funnel. 

After sticking a string of eggs the female rests upon the bottom 
some minutes before another string makes its appearance. She 
usually selects some protruding object like a stone, shell, or water 
pipe upon which to stick the egg strings. Having stuck one 
string she usually, but not always, returns to the same place to 
stick later strings. If strings are present when a female begins 
to deposit she usually attaches to these strings, or to nearby ob- 
jects. This no doubt accounts for the very large clusters, with 
strings containing eggs in various stages of development, that 
are sometimes found. Upon several occasions clusters in fish- 
traps aad live-cars have been found that would not go into an ordi- 
nary ten-quart pail. Such clusters are of course formed by many 
females. 

It is evident that the eggs may be fertilized in the oviduct,in 
the mantle chamber, or between the arms. Examination of the 
contents of the oviduct have in no case given evidence of sperm. 
Eggs taken from the oviduct may easily be fertilized by placing 
them in sea-water containing sperm, but in no case did eggs taken 
from the oviduct show evidence of fertilization although many 
sperm reservoirs that were giving off active sperm were attached 
to the walls of the oviduct and to surrounding organs. 

There can be no doubt, however, that eggs may be and are fer- 
tilized in the mantle chamber and also between the arms. That 
the eggs may be fertilized in the mantle chamber is indicated by 
reason rather than by obervation. When sperm reservoirs are 
attached in the mantle chamber the sperm are constantly liber- 
ated in the water in this chamber as long as the supply lasts. The 
eggs upon leaving the oviduct also pass into the mantle chamber 
and, as before stated, when eggs and sperm are mixed in sea- 
water, fertilization results. 

That fertilization may be delayed until the egg string is formed 
and held between the arms is indicated by observations made on 
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the female already mentioned that deposited twenty-three strings. 
She was in a rather large aquarium with a number of other squid. 
Copulation had occurred several times but this particular squid, . 
which had been under observation some hours, had not been seen 
to copulate. Dissection later showed that there were no sperm 
reservoirs attached in her mantle chamber. Because of disturb- 
ance she upon six occasions failed to get the egg string between 
her arms. When she reached for the string with her dorsal arms 
she was each time disturbed so she dropped the string and ejected 
it directly into the water. Four of these strings were recovered 
as quickly as possible after they were dropped, and placed in dishes 
of fresh sea-water where the proportion of fertilized eggs could 
be determined. From 40 to 50 per cent of the eggs in the strings 
developed. More than 99 per cent of the eggs in strings that had 
been held between the arms and then placed in similar dishes 
developed. As already mentioned there had been copulation 
among other squid in the aquarium and as the reservoirs were 
attached in the mantle chambers there must have been many 
free sperm in the water of the aquarium. It seems probable that 
enough of these sperm reached the strings that were dropped, be- 
fore they could be removed from the aquarium, to fertilize a por- 
tion of the eggs. Microscopic examination of these strings imme- 
diately after they were dropped revealed very few sperm, but the 
strings that were held between the arms were swarming with them. 
Sperm were able to penetrate and move actively about in the soft 
jelly of a recently formed string, but the jelly soon hardened so 
fresh sperm brought in contact with it were not able to work their 
way in. 

A curious bit of habit reflex was exhibited by this squid each 
time she dropped a string of eggs. Immediately after the dis- 
turbance she took the attitude she would normally have taken had 
the egg string been successfully lodged between the arms. The 
arms were held in the form of a cone, the tips were twisted together 
and she passed on through each of the succeeding phases even to 
drawing down tight against an object as if to attach the egg string 
that had never been between the arms. After this she rested until 
the next string was formed, but she never interrupted the orderly 
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sequence of her activities because she had accidentally lost a string 
of eggs. 

The methods of copulation of cephalopods have attracted the 
attention of observers from very early times but the act of copu- 
lation has not been actually seen for many species and where ob- 
servations have been made’ they have for the most part been in- 
complete. Aristotle makes several statements regarding the 
breeding habits of cephalopods. It is quite possible that he saw 
something of the act of copulation for some species, but his state- 
ments are hard to follow and are evidently inaccurate. The most 
important statements are here quoted to show the curious medley 
of facts and fiction. In chapter 5, book 5, he says: 


1. All the malacia, as the polypus, sepia and teuthis, approach each other 
in the same manner, for they are united mouth to mouth; the tentacula of 
one sex being adapted to those of the other; for when the polypus has fixed 
the part called the head upon the ground, it extends its tentacula which 
the other adapts to the expansion of its tentacula, and they make their 
acetabula answer together. And some persons say that the male has an 
organ like a penis in that one of its tentacula which contains the two 
largest acetabula. -This organ is sinewy, as far as the middle of the tenta- 
culum, and they say it is all inserted into the nostril of the female. 

2. The sepia and loligo swim about coiled together in this way, and 
with their mouths and tentacula united, they swim in contrary directions to 
each other. They adapt the organ called the nostril of the male to the 
similar organ in the female; and the one swims forwards, and the other 
backwards. The ova of the female are produced in the part called the 
physeter, by means of which some persons say that they copulate. 


Again in chapter 10, book 5, he says: ; 

1. The malacia breed in the spring, and first of all the marine sepia, 
though this one breeds at all seasons. It produces its ova in fifteen days. 
When the ova are extruded, the male follows, and ejects his ink upon them 
when they become hard. They go about in pairs. The male is more 
variegated than the female, and blacker on the back. The sexes of the 
polypus unite in the winter, the young are produced in the spring, when 
these creatures conceal themselves for two months. It produces an 
ovum like long hair, similar to the fruit of the white poplar. The fecund- 
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ity of this animal is very great, for a great mumber of young are produced 
from itsova. The male differs from the female in having a longer head, 
and the part of the tentaculum which the fishermen call the penis is white. 
It incubates upon the ova it produces, so that it becomes out of condition, 
and is not sought after at this season. 


Part of these statements, such as “‘The sepia and loligo swim 
about coiled together in this way, and with their mouths and ten- 
tacula united, they swim in contrary directions to each other’ 
would seem to be based upon such observations as could be made 
from above but the further statement that they adapt their nos- 
trils (funnels) together, probably indicates the ease with which 
observation and supposition can be mixed. It is not necessary 
further to analyze Aristotle’s statements. No doubt much was 
based upon fishermen’s stories but he evidently did study the an- 
atomy and habits of these animals and recognized the probability 
that one of the arms of the male is used in copulation. 

While the modified arm of the male thus early received atten- 
tion, the true hectocotylus that separates entirely from the male 
and attaches itself in the mantle chamber of the female escaped 
notice for many centuries. To quote from the Cambridge Natural — 
History: 


The typical hectocotylus seems to have entirely escaped notice until 
early in the present (last) century, when both Delle Chiaje and Cuvier 
described it, as detected within the female, as a parasite, the latter under 
the name of Hectocotylus octopodis. Kd6lliker, in 184549 regarded the 
Hectocotylus of Tremoctopus as the entire male animal, and went so far 
as to discern in it an intestine, heart, and reproductive system. It was 
not until 1851 that the investigation of Vérany and Filippi confirmed a 
suggestion of Dujardin, while H. Miller in 1853 completed the discovery 
by describing the entire male as Argonauta. 


While nearly all male cephalopods show some modification of 
one or more arms, the only ones that have been reported with de- 
tachable arms are Argonauta, Ocyth6ée, and Tremoctopus. 

Extended studies have been made on the modification of the 
arms of cephalopods, and there have been a few observations upon 
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the functional activities of these arms, but most of the observa- 
tions have consisted in finding sperm reservoirs recently attached 
to various portions of females. 

In 1869 Lafont described copulation i in Sepia. A translation 
of that portion that deals with the act itself is as follows: 


In copulation the male and fernale precipitate themselves upon one an- 
other, hold together by their arms which are twined together, and remain 
thus, mouth to mouth, for a variable time, which may last for two or 
three minutes. This act is followed in the female by a state of very 
marked general prostration, while in the case of the male the general 
excitation is greatly prolonged and for a considerable time it keeps the 
splendid appearance these animals show as the result of the accomplish- 
ment of the function of reproduction. 


He supposed that while the animals were attached by their 
arms, head to head, the male ejected a packet of spermatophores, 
which ejaculated while in his mantle chamber and the sperm reser- 
voirs were then thrown from the funnel of the male into the bran- 
chial chamber of the female with the current of water entering her 
branchial chamber. 

Sepia, like Loligo, has a receptacle for the storage of spermato- 
zoa in the buccal membrane, and the position observed by Lafont 
of animals attached head to head was doubtless a true position 
of copulation, but it seems probable that the spermatophores were 
not disposed of in the way suggested, but were transferred to the 
buccal membrane by one of the arms of the male. Lafont found 
sperm reservoirs attached in the mantle chamber of the females 
near the mouths of the oviducts, so it seems probable that in this 
form, as in Loligo pealii, both methods of copulation occur. 

Racovitza (1894, a) observed copulation inSepiola. The male . 
seized the female, turned it over and inserted his first pair of arms 
into the mantle chamber. Copulation lasted eight minutes dur- 
ing which the female struggled to free herself. He speaks of the 
spermatophores being fixed on the folds of a large pocket situated 
on the left side of the pallial cavity of the female. These ejacu- 
late and the freed reservoirs deliver their sperm into the pocket 
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which in turn ejects them (from his description I take it they are 
not stored up in this pocket as in the receptacle on the buccal mem- 
brane of a squid) into the pallial cavity where they are supposed 
to meet the eggs as they are laid. 

The most complete account of copulation that I have seen 
for any cephalopod was given by Racovitza in 1894 (b) for Octopus 
vulgaris. He observed copulation in an aquarium and gives a 
figure showing the positions of the animals. The copulation differs 
markedly from that of Loligo, as might be expected, for Octopus 
has a hectocotylized arm that is much more differentiated than 
that of Loligo. The animals were some distance apart in the aqua- 
rium. The male reached over with the hectocotylized arm, which 
for this species is the third on the right side and, after caressing 
the female with its tip, introduced its end into her mantle chamber 
by the side of the funnel. Here it remained for something more 
than an hour. During this time the female remained quiet, ex- 
cept for certain spasmodic movements, while the male showed 
only slight movements of the hectocotylized arm which were sup- 
posed to be associated with the movements of spermatophores 
down the longitudinal groove of this arm. Although it was not 
possible actually to see the spermatophores in transit, examina- 
tion of the female after copulation showed numbers of the sperm 
reservoirs, derived from the ejaculated spermatophores, within 
the oviducts. 

Evidently there are at least three methods of copulation prac- 
ticed by cephalopods. A method of caducous hectocotylism in 
which the charged hectocoty] is liberated in the mantle chamber 
of the female; a method in which the arm does not liberate any 
special portion but is so modified that it can transfer spermato- 
phores by a mechanism within itself to the region of the oviduct 
of the female; and finally a slight modification of the arm that 
simply enables it to grasp the spermatophores which are then trans- 
ferred directly to the female by moving the arm. Where the lat- 
ter method is employed there may be two kinds of copulation, as 
in Loligo peali. 

Racovitza, (1894, c) in commenting on the copulation of Rossia 
believes that, although special receptacles are found outside the 
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mantle chamber of this species, they cannot be considered as nor- 
mally functional. He seems led to this conclusion by finding 
sperm reservoirs attached to various portions of the bodies of the 
animals as well as in the immediate neighborhood of the mouths 
of the oviducts. It would seem more likely in the light of the ob- 
servations here recorded for Loligo, that a copulation that leads to 
the filling of these receptacles is normal and that the sperm so 
stored may be used in fertilizing the eggs. 

It is certainly hard to conceive by what steps a complicated 
method of transferring sperm that has led to the formation of a 
hectocotylized arm and complicated spermatophores might be 
perfected. The modification of different arms for copulation by 
different cephalopods further increases the difficulty in under- 
standing the history of hectocotylism as a whole. 

While evidence that bears directly upon the history of the hecto- 
cotylism seems to be lacking, such complications are so frequently 
considered to be impossible to explain by known evolutionary 
factors that it may be well at least to consider the great difficul- 
ties presented.by such structures. It must not be supposed that 
in so doing I put myself in the position of defending a thesis. This 
would be too much like the methods employed by many of the 
Greek philosophers who needed little or no basis of fact upon which 
to build. My only reason for considering the matter here is to 
show that, with all the difficulties, the condition of hectocotylism 
among modern cephalopods cannot be considered beyond the pos- 
sible range of evolutionary factors. 

Among the Dibranchiata the arms that show hectocotylism are 
the first, the third and the fourth on both sides of the body. Some- 
times more than a single one is affected. In such cases the modi- 
fied arms may be symmetrically placed on the two sides of the 
body, or they may be adjacent arms on the same side of the body. 
Steenstrup attempted to base the classification of cephalopods 
upon their hectocotylized arms but Brock and Hoyle have shown 
that forms whose general body structure would seem to indicate 
relationship, do not always have homologous arms modified. 

While the arm is usually constantly on one side for all members 
of a genus, unless both sides are modified as not infrequently hap- 
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pens, a genus whose general body structure indicates nearrela- 
tionship may have the similar arm of the other side modified. 
The position of the arm on the right or left side of the body is not 
generally considered very significant. ‘The somewhat frequent 
occurrence of genera showing hectocotylism of arms symmetri- 
cally placed on the two sides of the body may indicate a primitive 
paired condition that has been replaced among the majority of 
existing cephalopod genera, by specializing on one side and drop- 
ping out on the other. Whether this accounts for the condition 
or not, the shifting of a modification from one side of the body 
to the other, sometimes involving modifications of other body 
structures and sometimes apparently not, is not uncommon among 
animals, and even if not easily explained, evidently has no very 
great phylogenetic significance. Shifting in series is not so com- 
mon and when we find in the same family, genera with the fourth 
and others with the first arm hectocotylized it becomes difficult 
to imagine ancestral conditions that made this posisble. 

Wherever known, male cephalopods use one or more of the 
arms to transfer sperm to the female. Copulation has not been 
described for many of the species but the presence of more or less 
modified arms in more than half the recognized families may be 
taken as an indication that either these animals or their ancestors 
used their arms in copulation. 

If the spadix of Nautilus is used in copulation we have a pos- 
sible indication that a number of arms may have been employed 
in the transfer of sperm by primitive cephalopods. It is of course 
possible that all the arms were used for this purpose and that the 
present diversity can be accounted for by the specialization of 
one or the other of the arms involved in this primitive condition. 
This, however, does not seem reasonable when the diversity within 
the limits of a single family is considered. 

The arm that is used, and the way in which it is used, is asso- 
ciated with the character of the spermatophores and the position 
of their final discharge. The Octopoda show the greatest struc- 
tural modification in their hectocotylized arms. While two of the 
families of this group give no evidence of hectocotylism, none of 
the genera of the remaining families are known to be free from it, 
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and wherever found it is always the third arm that is involved. 
Sometimes this arm is on the right and sometimes it is on the left 
side. In three genera it is known to be caducous and in a fourth 
(Alloposus) it is supposed to he. In the remaining genera in which 
the hectocotylized arm has been studied, the modifications, while 
not resulting in the actual separation of the arms, are of an exten- 
sive nature. In Octopus, for instance, they involve not only 
changes.in size, form, and the condition of suckers, but a special 
eroove is present through which the spe matophores are supposed 
to be carried from the base, presumably from the penis to the tip. 
The tip in turn is modified so it is supposed to function in placing 
the spermatophores in position for ejaculation. 

The Decapoda do not show such extensively modified hectoco- 
tylized arms. ‘The changes are here chiefly confined to some of 
the suckers and their immediate vicinity. In Loligo this modi- 
fication apparently serves to aid the armin grasping thespermato- 
phores, which are then transferred by the movement of the arm. 
While the actual grasping of the spermatophores has not been 
previously observed, there can be little doubt that other forms of 
the Decapoda use the arms in a similar manner. Where copula- 
tion has been observed the movements of the arms indicate that 
they are used in the transfer, and the positions of the sperm reser- 
voirs that have been found attached to the females indicate that 
some arm must have functioned in getting them into position. As 
there is no special transferring mechanism, this must have been 
accomplished by the free movements of the arms. 

Where structural modification is slight and the placing 0 the 
spermatophores is due to dexterity, there is less difficulty in under- 
standing how the function may be shifted from one arm to another 
in response to changes in the positionof the attachment of the 
reservoirs on the female, than would be the case were great 
structural changes involved. It would be much more difficult to 
understand how there could be a shifting in series of arms as highly 
modified as those of the Octopoda, where only the medified arm 
could possibly perform the function. 

It mast not be understood that habit formation requiring such 
dexterity is considered easier to originate than modification in 
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structure that will perform similar acts. When, however, the 
habit and dexterity have been acquired, it is not inconceivable 
that they might be shifted to another closely similar appendage 
if the position of this appendage becomes more suitable forthe 
purpose. The modification is so slight in the arms of most of the 
Decapoda, and the modification varies so greatly in the different 
genera, that it may have been functionally acquired in each case. 
So far as can be seen it would be mechanically quite posgible for 
a squid to use an unmodified arm, instead of the one that shows 
the modification, for the transfer of the spermatophores. The 
spermatophores might not be so tightly or compactly held but 
the normal suckers would hardly seem to interfere greatly in the 
performance of the function. 

There is still another question involved. Is there any genetic 
relation between these two methods of transfer and if there be, 
which, if either, most probably came first? 

A special method of copulation that requires the use of arms and 
complicated spermatophores is not found among animals often 
enough to make it at all probable that it has arisen in this group 
more than once, so we can hardly doubt that the two methods 
are genetically related. 

At first sight the squid’smethod of grasping the spermatophores 
and transferring them directly might be considered the simpler 
process, but there is some reason to doubt that this method was 
at the beginning of the series. While it would be hazardous to say 
that Octopoda were the ancestors of Decapoda, there is much 
reason to believe that the ancestors of the latter lived upon the 
bottom and were far less active than the modern animals. Such 
animals would not seem to be so well adapted for the transfer of 
spermatophores by dexterous movements as the more active, free- 
swimming forms. It is at least certainly true among modern ceph- 
alopods that those that show great modifications in the structure 
of the hectocotylized arms are found entirely among the less active 
bottom forms. If the method of transferring sperm by means of 
the arms originated before the Decapoda became free-swimming 
animals, and this seems the only explanation of its prevalence 
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among both Decapoda and Octopoda in modern times, it would 
seem that structural modification probably came early. 

Possibly this modification was based upon the use of one or more 
arms as guides for the transfer of the sperm. It is possible that 
having first used the arms as guides, structural modifications and 
dexterous movements were developed as divergent methods. If 
the two methods form a linear series, there issome reason to think 
structural modifications came first.. It would seem much easier 
to explain modifications that lead to the change in the structure 
of appendages for the transfer of spermatozoa, as the grooved hec- 
tocotylized arm of Octopus or the modified abdominal appendages 
of certain Crustacea, than to explain a sudden change that would 
result in a practically unmodified arm functioning by grasping 
spermatophores of a very specialized kind, transferring them 
quickly and accurately to the required position and holding them 
there until they have had ample time to ejaculate and fix their 
contents. It seems more reasonable to suppose that an arm modi- 
fied as a machine to perform this process, with its tip serving to 
place the spermatophores in position, might in time acquire the 
necessary dexterity and then lose the modifications previously 
acquired, than to look at this as the beginning of the series. Again 
we find that in such cases as the squid, where the arm is little modi- 
fied but very dexterous, there is a special receptacle at some dis- 
tance from the opening of the oviduct that is norma ly filled with 
sperm during the breeding season. This would certainly seem to 
be a comparatively recently acquired receptacle, so the copulation 
leading to its being filled would also be considered comparatively 
recent. That this receptacle is concerned in the fertilization of 
the eggs is shown by observations made while the eggs were being 
laid. 

With no personal knowledge of the breeding habits of other 
cephalopods than the squid, it would seem more reasonable to 
consider the method of using the detachable hectocotyl of such 
forms as Tremoctopus as one extreme, the method used by Loligo 
In grasping spermatophores and transferring them directly as an- 
other extreme and the condition shown by Octopus as the modern 
greatly specialized product of a modification such as early cephal- 
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opods probably developed. This would mean that the detachable 
hectocotyl is an extreme specialization in structure and that the 
modification shown by the squid represents possibly a degenera- 
tion in structure but a remarkable specialization in habit. 

Why a form should have two methods of copulation is not at 
all clear. Certainly the introduction of the spermatophores into 
the mantle chamber to a position near the oviduct is to be con- 
sidered more primitive than their being placed in a position to 
fill a receptacle outside of the mantle chamber, but why mantle 
chamber copulation should be retained after the receptacle has 
been perfected is not clear. That mantle chamber copulation is 
not absolutely necessary for the fertilization of the eggs I think is 
proved by my observations; that it is common is certain. That 
the sperm receptacle is an improvement over the free attachment 
of the sperm reservoirs in the mantle chamber is evident from the 
longer possible retention of the sperm in the receptacle. Inalim- 
ited period after the sperm reservoirs are freed from the sperma- 
tophores, as when deposited in the mantle chamber, the sperm all 
escape and are wasted unless oviposition takes place in the mean- 
time. 

SUMMARY 


Squid have two methods of copulation. By one method sperm 
reservoirs are attached in the mantle chamber on or near the ovi- 
duct and immediately begin to discharge their contents freely in 
the water. By the other method sperm reservoirs are attached 
to the outer buccal membrane and the sperm become stored in a 
special receptacle in the membrane, which is placed opposite the 
junction of the two ventral arms and opens on its inner surface. 

The left ventral arm of the male is always used in transferring 
the spermatophores, which are grasped by the arm and transferred 
by its free movement. Ejaculation of the spermatophores is evi- 
dently started by the pull given their filaments when the arm starts 
to transfer them from the penis to the mantle chamber or buccal 
membrane. The transfer requires rapidity and dexterity and the 
spermatophores are held in position until ejaculation is complete 
and their sperm reservoirs are fastened. As many as forty sperm- 
atophores may be transferred at a time. 
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The egg strings are composed of two kinds of jelly. One kind 
is supplied by the oviducal gland and the other by the nidamental 
and probably accessory nidamental glands. The string is appar- 
ently molded into shape by passing through the funnel. The 
jelly is at first soft and sticky but soon becomes tough and loses 
most of its stickiness. 

From the funnel the egg string is drawn between the circlet of 
arms, where it is held two or more minutes. In sticking the 
string the female grasps some object with her arms and draws 
down tight so the string is evidently crowded against it. When 
she releases her hold the string is left sticking to the object. 

Fertilization evidently does not take place inside the oviduct. 
It doubtless may take place in the mantle chamber when sperm 
reservoirs are present there, and is known to take place while the 
egg string is held between the arms. The sperm are liberated - 
from the receptacle while the eggs are between the arms. 

Notwithstanding complications, the conditions of hectocotyl- 
ism shown by cephalopods need not be considered beyond the 
influence of factors of evolution. 
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EXPLANATION OF FIGURES 


All of the figures that represent the attitudes of squid were drawn from memory 
after repeated observations. While each figure is thus really a composite, and must 
represent impressions received rather than the actual positions of particular in- 
dividuals, much care has been given to the preparation of the figures and it is be- 
lieved that the general attitudes are reasonably wellrepresented. Sexually mature 
squid are usually as much as 15 cm. and may exceed 40 em. in length. 


ABBREVIATIONS 


bmi, inner buccal membrane n, nidamental gland 
bmo, outer buccal membrane na, accessory nidamental gland 
d, depression in which sperm reservoirs 0, oviduct 
are attached r, rectum 
g, gill Ss, sperm reservoirs (ejaculated from sper- 
h, modified (hectocotylized) portion of matophores) 
arm sr, Sperm receptacle 
j, Jaws sro, opening of sperm receptacle 
PLATE 1 


EXPLANATION OF FIGURES 


1 Copulating squid showing the positions taken by the animals when the sperm- 
atophores are inserted into the mantle chamber. The figure shows the animals 
during the period the arm of the male is inserted in the mantle chamber of the fe- 
male. Drawn from memory after many observations. 

2 Copulating squid showing the positions of the animals when the spermato- 
phores are placed so that their reservoirs become attached to the outer buccal 
membrane. The figure shows the male in the act of grasping the spermatophores 
with the tip of his arm as they are ejected through the funnel. Drawn from mem- 
ory after many observations. 

3 Acommon attitude of a sexually excited male. The arms are not kept rigidly 
in a set position, but are frequently spread as shown in the illustration and held 
thus for from a few seconds to a minute or more ata time. The drawing is based 
upon sketches made of active animals. 

4 Photograph of the two ventral arms of a male squid, showing the slight modi- 
fication (h) consisting of enlarged peduncles, reduced sucking dises and a ridge 
between the suckers, toward the tip of the left arm. The wrinkles on the arms are 
due to shrinkage. A bit of the outer buccal membrane shows between the arms. 
The arms from which the photograph was made are 93 cm. long. 
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PLATE 2 
EXPLANATION OF FIGURES 


5 Afemale at rest with the egg string beginning to protrude. Drawn from 
memory and hurried sketches after many observations. 

6 <A female after she starts to swim, reaching for the egg string with her dorsal 
arms. With these arms she draws the string between the circle of arms as it is 
ejected from the funnel. Drawn from memory after many observations. 

7 A swimming female, showing the positions of the arms while they surround 
the egg string. They are held in this position, with the tips somewhat twisted to- 
gether, for two or three minutes. While the arms closely surround the egg string 
they show slight individual movements that may be of service in moving the egg 
string so sperm will be more evenly distributed over it. Drawn from memory 
after many observations. 

8 A female squid with the mantle cut and spread open and the arms separated 
to show the position of attached sperm reservoirs (s) on the oviduct (0) and the 
sperm receptacle (sv) in the outer buccal membrane. 
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PLATE 3 


EXPLANATION OF FIGURE 


9 The specimen on the left side shows a female in the position she assumes as 
she bounces over the bottom on the tips of her arms just previous to selecting a 
place for sticking the egg string. The specimen on the right side shows the posi- 
tion of a female during the act of sticking an egg string toa rock. Only a few see- 
onds are required to stick the string. The positions of the animals are drawn from 
memory after many observations. 
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PLATE 4 
EXPLANATION OF FIGURES 


10 Jaws and buceal membrane of afemale squid, with the outer membrane (bmo) 
pulled ventrally to expose the sperm receptacle (the opening of which is shown at 
sro) and the adjacent depression (d). Several sperm reservoirs (s), ejaculated from 
spermatophores, are shown attached in the depression. Magnified about 7 
diameters. 

11 Section of the outer buccal membrane taken through the sperm receptacle 
(sr). This was taken from an animal shortly after the sperm reservoirs (s) had 
been attached and shows sperm in transit from reservoirs to receptacle. Magni- 
fied about 22 diameters. 

12 Section through the epithelium and secretion lining the depression in which 
sperm reservoirs are attached. Magnified about 300 diameters. 

13. Section through an alveolus of a sperm receptacle. The clear spaces in the 
epithelium are goblet cells. Traces of the flagella on the sperm and possibly cilia 
on some of the epithelial cells were visible but they were not definite enough to be 
put in the drawing. Magnified about 300 diameters. 
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STUDIES OF FERTILIZATION IN NEREIS 


I. THE CORTICAL CHANGES IN THE EGG: II. PARTIAL FERTILIZATION 


FRANK R. LILLIE 


From the Hull Zoological Laboratory, University of Chicago 


TEN FIGURES 


ONE PLATE 
I. THE CORTICAL CHANGES IN THE EGG 


In many animals one of the immediate effects of fertiliza- 
tion is to cause the egg to throw off a membrane, which is there- 
fore known as the fertilization membrane. This is the case for 
instance in the eggs of echinids and nematodes. In other cases, 
where a definite vitelline membrane exists prior to fertilization, 
cortical changes occur in the egg immediately after insemination, 
leading to the formation of a space, the so-called perivitelline 
space, between the protoplasm of the egg and the vitelline mem- 
brane. ‘This is the case for instance in the eggs of at least many 
annelids, molluscs and vertebrates, and it is unquestionably 
a more common phenomenon than the formation of a fertiliza- 
tion membrane. There can be little doubt that these apparently 
different phenomena are simply varying expressions of a change 
in the cortex of the egg, which is of the same nature in all cases. 
Loeb’s studies (09) have thrown much light on the nature of 
these cortical changes. In the case of the egg of Nereis they are 
relatively obvious in their character and readily followed. 

The ovocyte of Nereis is somewhat flattened in a polar direc- 
tion, measuring about 87.5 x 100u; it is girdled by a double 
equatorial zone of large oil drops. The large germinal vesicle is 
central and somewhat elongated in a polar direction. 

In his description of the unfertilized egg, Wilson (’92) distin- 
guished two membranes: a delicate outer vitelline membrane, 
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and a subjacent membrane or layer, about 6-7u in thickness, 
which he called the zona radiata. As will appear from the sequel 
however, the latter is not a membrane in the usual meaning of 
the word, but a cortical, coarsely alveolar layer of the egg. It is 
transparent and somewhat granular, and the granules tend to be 
arranged in radiating lines. There is no perivitelline space in 
the unfertilized egg. 

In sections of unfertilized ovocytes fixed in Flemming’s fluid, 
the zona radiata is seen to be a coarsely alveolar layer with 
homogenous alveolar contents (fig. 1). The walls of the alveoli 
are continuous internally with the p:otoplasm of the egg, and 
unite externally to form a protoplasmic layer applied to the 
vitelline membrane. The alveoli are closed externally (figs. 
1 and 2). The zona radiata is in fact a coarse emulsion or foam- 
structure. 

Unfertilized eggs of Nereis are entirely devoid of jelly and they 
lie in immediate contact in the sea-water. If India ink be ground 
up in the water, the particles come in contact with the vitelline 
membrane. Each fertilized egg, on the other hand, is surrounded 
by a thick layer of colorless transparent jelly; If many eggs are 
contained in the dish, fusion of the contiguous gelatinous mem- 
branes binds the eggs into a mass; the cortical layer (zona radiata) 
is absent in fertilized eggs, and there is a narrow perivitelline 
space between the vitelline membrane and the surface of the egg 
(fig. 3). 

The jelly is formed by the extrusion, or diffusion, of the alveo- 
lar contents of the cortical layer through the vitelline membrane; 

- the egg of Nereis, in fact, secretes its own Jelly, as may be readily 
demonstrated in life by inseminating under the microscope with 
excess of sperm. If the sperm be added to closely placed eggs 
and a cover glass applied so as to force the eggs into a single 
layer, and the preparation examined with no loss of time, the sperma- 
tozoa will be seen in large numbers in contact with the vitelline 
membrane. In one or two minutes the spermatozoa are moved 
away from the surface of the membrane by some invisible repel- 
ling substance, and, if the eggs be numerous, the spermatozoa 
unite in three to five minutes to form lines that bound hexa- 
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gonal areas with the eggs in the centers of the hexagons (fig. A). 
The substance that sweeps the spermatozoa away from the sur- 
face of the eggs is the jelly. Synchronously with its formation, 
the alveoli of the cortical layer are emptied and the alveolar walls 
now appear as delicate lines crossing a wide perivitelline space! 
(fig. B). 

However, not all of the spermatozoa are thus carried out by the 
secreted jelly, but in the case of each egg a single spermatozoon 
remains attached to the vitelline membrane. This is very pret- 
tily demonstrated if the eggs are under some pressure, so that 


Fig. A. Diagram of fertilization with excess of sperm. The outflow of jelly 
from the eggs has carried the supernumerary spermatozoa away from the surface 
of the eggs (see text). In the case of each egg the single effective spermatozoon 
remains attached. From a sketch of the living object. 


the spermatozoa are prevented from reaching the eggs above or 
below. In this case one can discover the single spermatozoon 
attached to the vitelline membrane in practically every egg (fig. A). 

All stages of the disappearance of the cortical layer may be 
readily and rapidly observed. The alveolar walls, however, 


1Wilson (’92) states that ‘“‘from twenty to thirty minutes after fertilization the 
striae of the zona suddenly become indistinct and in the course of two or three 
minutes the zona itself entirely disappears, leaving only the outer membrane.’’ 
But inasmuch as he was under the impression that the unfertilized eggs possess a 
transparent, thick, gelatinous envelope like the fertilized ones, he failed to observe 
the interesting phenomenon of formation of the jelly described here. 
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remain as delicate strands of protoplasm uniting the vitelline 
membrane to the surface of the egg. The jelly, therefore, repre- 
sents the alveolar contents only of the cortical layer of the unfer- 
tilized egg, and the perivitelline space is nothing but the contracted 
alveoli of the cortical layer filled with fluid. The perivitelline 
space must, therefore, be regarded as intraovular with a delicate 
external cytoplasmic wall lining the vitelline membrane; this we 
may distinguish as the plasma membrane; it is comparable in 
some respects to the fertilization membrane of sea-urchins. 

Unfertilized eggs allowed to stand in the sea-water form no 
jelly and retain the cortical layer; the germinal vesicle remains 
intact; but, if they be strongly centrifuged, the jelly forms, the 
perivitelline space arises, the germinal vesicle breaks down and 
both polar bodies are formed; but parthenogenetic development, 
usually at least, does not take place. Similarly, the addition of 
a fairly strong solution of potassium chloride to the sea-water 
causes formation of the jelly and the perivitelline space while the 
eggs are still in the solution; maturation takes place after trans- 
fer to sea-water but cleavage does not occur (in my experiments; 
cf. Fischer), though some differentiation may take place without 
cleavage. It would appear, then, that conditions that so alter 
the permeability of the plasma and the vitelline membranes as 
to permit the outflow of the alveolar contents of the cortical layer 
initiate development, but that the normal continuation of devel- 
opment is dependent on other factors. 

In the normal fertilization of Nereis the stimulus of the sperm- 
atozoon causes the formation of the jelly and the perivitelline 
space long before it has penetrated the membrane; in fact pene- 
tration does not take place until 40 to 50 minutes after insemina- 
tion. However, mere contact of the spermatozoon with the mem- 
brane is apparently not sufficient; but actual attachment of at 
least a single spermatozoon is required; this is shown by the fact 
that the effective spermatozoon is not carried away from the 
membrane with the unsuccessful ones by the outflow of jelly. 
Yet the effect of the localized stimulus of the attached spermato- 
zoon is practically instantaneously effective over the entire 
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extent of the membrane; it is more like an electrical discharge 
or some other physical disturbance than a chemical effect. 

J. Loeb (’09) has formed the hypothesis that the cortical layer 
of the egg, especially of sea-urchins, is an emulsion which is 
rendered stable by a third substance consisting of lipoids, espe- 
cially cholesterin. ‘The emulsion becomes unstable on solution of 
the lipoids; this enables the albuminous drops, which he conceives 
to form one phase of the emulsion, to take up water; hence the 
layer liquefies and the perivitelline space arises; the fertilization 
membrane is thus formed. Hence, according to Loeb, the action 
of lipoid-dissolving substances is to cause the formation of the 
fertilization membrane. Without committing ourselves to these 
specific views of the nature of the cortical emulsion, which Loeb 
himself does not hold very strongly, we may admit that Loeb’s 
hypothesis, that the formation of the fertilization membrane is 
due to the breaking down of a cortical emulsion, fits the case of 
Nereis very well. If we go further, however, we must note an 
important lack of agreement with Loeb’s hypothesis. As Loeb 
himself points out, the theory implies that the membrane of the 
egg is permeable for sea-water and crystalloid substances, and on 
the other hand impermeable for colloids; in Nereis the contents 
of the cortical alveoli are unquestionably colloid, as Loeb’s 
hypothesis requires, but it is perfectly certain that they diffuse 
through the membrane to form the external jelly; at the same time, 
unquestionably, sea-water enters to take the space previously 
occupied by the colloid. The membrane is therefore permeable for 
both erystalloids and colloids at this time. I have not, however, 
investigated farther the properties of the egg membranes and 
must leave this problem to those who are better qualified as phys- 
iologists to make such a study. 

It would appear that the presence of this colloid substance 
in the cortex is an inhibition to the maturation of the egg, because 
as soon as it is removed, maturation processes are set in motion 
and both polar bodies are formed. In what manner it inhibits 
is of course problematical. In the egg of Ascaris megalocephala 
there is a similar excretion of a cortical colloid which forms, in 
this case, the thick resistant perivitelline membrane. The ap- 
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pearance of the fertilization membrane of echinids might be 
similarly due to excretion of a cortical colloid which is removed 
by diffusion and hence is not detected. It is a problem worthy 
of careful investigation whether the loss of cortical colloids is not 
the first step in fertilization generally. 


II. PARTIAL FERTILIZATION 


Two functions of the spermatozoon in fertilization may be 
sharply distinguished. The first is the initiation of the develop- 
ment and the second is the transfer of paternal qualities to the 
fertilized ovum (heredity from male parent). The first function 
alone is under consideration in these experiments. 

We have seen that in Nereis the immediate effect of attach- 
ment of the spermatozoon is essentially the same as a mechanical 
shock (centrifuging), or a chemical stimulus (KCl); that is, it 
causes the breaking down of the cortical emulsion and consequent 
formation of the gelatinous envelope of the egg. But apparently 
the resemblance extends no farther, for in the case of mechanical 
or chemical stimulation the impulse to development is lost or 
greatly weakened after maturation has occurred; and the eggs 
do not segment. On the other hand the normally fertilized egg 
does not stop after maturation, but proceeds with its develop- 
ment in a normal fashion. Now the cause of this difference 
might be either: (a) because the stimulus of the spermatozoon 
is qualitatively different from, or stronger than, mechanical or 
chemical stimulation, or (b) because the fertilizing action of the 
spermatozoon is not completed with the cortical changes but 
continues after its entrance into the egg. If the first alternative 
were correct, then the elimination of the spermatozoon after 
membrane formation should not prevent the normal cleavage and 
development of ova which had once been stimulated by it; but 
if the second alternative were correct and the sperm nucleus 
were prevented from entering the egg after it had induced mem- 
brane-formation, then such ova should proceed no further in 
their development than those mechanically or chemically stimu- 
lated. 
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I have been able to perform this experiment on the eggs of 
Nereis and have found that eggs in which the spermatozoon is 
removed after the cortical changes have occurred proceed but 
little farther in their development than eggs mechanically or 
chemically stimulated, and they do not undergo segmentation. 
Fertilization is therefore still incomplete after the formation of 
the fertilization membrane. 

It will be seen thatif the results above indicated be demon- 
strated, the process of fertilization is obviously something more 
than a beginning of cytolysis or a mere alteration of permeability 
of the peripheral cell membrane. It would appear to be a pro- 
gressive change, starting at the periphery and gradually involving 
the more central portions of the cell. We would, at least, have 
to distinguish two stages in the fertilizing action of the sperma- 
tozoon, one before and the other after penetration. 

I shall consider first the evidence for the statement that in 
the egg of Nereis elimination of the spermatozoon after membrane- 
formation leaves the process of fertilization incomplete. In 
the second place I shall note the respects in which the com- 
pletely fertilized egg differs from the partially fertilized egg, and 
finally, shall consider the bearing of the facts on the theory of 
fertilization. Inasmuch as it will be necessary to make frequent 
comparisons with the normal fertilization, a brief account of 
the salient features of this process will be given first. 


A. Salient features of the normal fertilization 


The egg of Nereis is difficult to fix in a thoroughly satisfactory 
fashion; owing, no doubt, to the presence of the large oil-drops 
and yolk-granules, uneven fixation with shrinkage is hard to 
avoid. The eggs appear likewise difficult of penetration, owing 
probably to the rather viscid jelly from which they cannot be 
separated; this also makes any considerable number of eggs very 
bulky and the killing fluid is apt to be much diluted if used in 
ordinary: amounts. After considerable experimenting with 
picric acid, corrosive sublimate and osmic acid fixing fluids, I 
finally found one which gives practically perfect results in all 
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stages of maturation and fertilization. This is Meves’ modifi- 
cation of Flemming’s fluid made as follows: chromic acid, 0.5 
per cent, 15 cc.; osmic acid, 2 per cent, 3.5 cc.; glacial acetic 
acid 3 drops. The eggs were left in the fluid from thirty to forty- 
five minutes. Fixation in this fluid causes no shrinkage, the oil 
is so changed that it is not dissolved out by subsequent imbedding 
in paraffine; the sections stain beautifully 1n iron haematoxylin, 
and certain substances are clearly differentiated which can be 
detected only with the greatest difficulty after fixation in any 
other fluid tried. 

a. The penetration of the spermatozoon. It was noted in the first 
part of this paper that a single spermatozoon becomes attached 
to the egg-membrane immediately after insemination, and that 
the breaking down of the cortical layer, secretion of the jelly 
and formation of the perivitelline space follow immediately, 
though the actual penetration of the spermatozoon is delayed 
forty or fifty minutes. 

The act of penetration involves no motile activity on the part 
of the spermatozoon; after the latter has become attached to the 
vitelline membrane all movement of the spermatozoon ceases 
and it remains absolutely immotile throughout the forty or fifty 
minutes that elapse before it is taken into the egg. The events 
of this period as seen in the living egg are as follows: 

1. The jelly is formed by outflow of the alveolar contents of 
the cortical layer-as already noted; although a large amount of 
jelly is formed in two or three minutes, yet the process lasts ten 
or fifteen minutes before the deeper alveoli are emptied. There 
is then a very wide perivitelline space crossed by the alveolar 
walls which are attached to the plasma membrane, presenting a 
very striking appearance (fig. B). 

2. The protoplasm of the egg immediately beneath the at- 
_ tached spermatozoon then forms a rounded elevation, the entrante 
cone, which gradually moves across the perivitelline space and 
comes in contact, and fuses, with the membrane (fig. B, a). This 
condition is usually fully attained about fifteen to seventeen 
minutes after insemination. 
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3. The entrance cone then gradually retracts, drawing the 
membrane down to form a depression in which the spermatozoon 
is included. At this stage one may easily imagine that the sper- 


Fig. B. History of the fertilization-cone as seen in the living egg. Four cam- 

era drawings of the same egg :— 

a Seventeen minutes after insemination, 

b Nineteen minutes after insemination, 

c Twenty-two minutes after insemination, 

d Twenty-four minutes after insemination, 
The fertilization-cone is shown at the height of its development in a, its gradual 
recession and the simultaneous formation of a depression in the membrane is 
shown in b, ¢ and d. 


. 


matozoon has been taken into the egg, as it is apt to be concealed 
in the depression of the membrane; but this is not the case. The 
stage of best development of the depression, corresponding to 
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the complete retraction of the entrance cone, is about twenty-two 
to twenty-five minutes after fertilization (fig. B, b, ¢, d). 

4. The perivitelline space then narrows around the entire 
egg, and the depression of the membrane in which the spermato- 
zoon is seated disappears; in consequence, the spermatozoon 
again becomes prominent externally. 

5. It remains prominent for ten or fifteen minutes (about 
forty to fifty minutes after insemination), and then disappears 
rather abruptly within the egg as though some resistance had 
given away. Its penetration coincides with the late anaphase of 
the first maturation division; in a few cases it may be a little 
earlier or a little later. 

The egg is changing form at this time and in consequnce the 
perivitelline space is often widened locally, especially in the ani- 
mal hemisphere; if this happen in the region of penetration, which 
may be any part of the egg, strong cytoplasmic strands are drawn 
out between the membrane of the egg and the point of penetra- 
tion, showing that the egg membrane and the cytoplasm are 
actually fused here. 

To repeat and extend the observations on the living egg several 
series of eggs were preserved every five minutes from the time of 
insemination in Meves’ fluid. The study of thesections confirmed 
and extended the above observation on the living egg as follows: 

Ten minutes after insemination the entrance cone is quite 
well formed and the spermatozoon is clearly seen outside, separ- 
ated from the entrance cone only by the thickness of the vitelline 
membrane with which it is in contact. 

Fifteen minutes after insemination essentially the same con- 
dition persists. ‘The entrance cone is homogeneous, shading off 
into the surrounding yolk-filled protoplasm. It stains very dark 
in iron haematoxylin. The head of the spermatozoon appears 
exactly as before. 

Twenty minutes after insemination the entrance cone has flat- 
tened out, but the spermatozoon is still external to the membrane. 
The substance of the entrance cone is, however, as readily recog- 
nized as when it projected above the surface of the egg. 
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About thirty-seven minutes after insemination (metaphase 
of first maturation division) the sperm is still readily found on 
the exterior of the vitelline membrane external to the substance 
of the entrance cone which is now lens shaped. The substance 
of the entrance cone is homogeneous and it stains less than before; 
it is sharply marked off from the unaltered egg cytoplasm by a 
layer of small basophile granules. In the center of its external 
face is a sharply differentiated granule which stains intensely 
black in iron haematoxylin, and which is connected to the sperm 
head by a fine thread passing through the vitelline membrane; 
penetration has already begun. 

Forty-three minutes after insemination (late metaphase of 
the first maturation division) the entrance cone sinks into the 
egg-cytoplasm, and the head of the spermatozoon begins to be 
drawn within the egg in the form of a thick thread, less than one- 
third the diameter of the sperm head, however. The sperm 
nucleus is being drawn through the small perforation in the vitel- 
line membrane. 

Forty-eight minutes after insemination (stages of anaphase 
of the first maturation division), nearly all of the sperm head is 
drawn into the egg in the form of a thick thread several times 
longer than the original sperm head. Before the head is entirely 
within the egg its inner end begins to swell and becomes vesicular. 
The entire entrance cone penetrates the egg-protoplasm always 
retaining its original connection with the apex of the spermato- 
zoon, so that the original orientation of the sperm is preserved 
and may be readily recognized after penetration. 

Fifty-four minutes after insemination (telophase of the first 
maturation division), the entire head of the spermatozoon is 
within the egg. The tail and middle piece usually remain without. 

As I intend to publish a separate account of the interesting 
details of penetration of the spermatozoon, and as the later stages 
do not concern the present problem, I shall simply say, there- 
fore, that as the united sperm-head and entrance cone penetrate 
farther into the egg cytoplasm, they rotate in such a way that the 
entrance cone which was originally in advance of the sperm nu- 
cleus comes to lie behind it. During the rotation the sperm 
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aster arises from the pole of the sperm nucleus opposite the en- 
trance cone, thus in the position of the original middle piece. 

Morgan has recently (’10), with entire justice as it appears 
to me, taken a stand against the current view that penetration 
of the sperm is due to mechanical boring into the egg. He believes 
that the presence of the sperm calls forth a reaction on the part 
of the egg that leads to the absorption of the former. There can 
be no question that the latter conception fits the case of Nereis 
much better than the former. In the first place the spermatozoon 
is absolutely motionless after its attachment to the membrane; in 
the next place the formation of the entrance cone shows a very 
decided reaction on the part of the egg to the presence of the 
spermatozoon; in the third place the retraction of the spermato- 
zoon into a depression of the membrane is due to the retraction 
of the entrance cone; and finally, as I shall show in a subsequent 
cytological study, the inclusion of the spermatozoon within the 
egg appears to be due to activity of the substance of the entrance 
cone, and not to active penetration by the spermatozoon. The 
spermatozoon does not penetrate the egg, it is drawn in or en- 
eulfed. 

b. The later history of the sperm nucleus. The sperm amphi- 
aster is visible in the preparations all through the period of the 
second maturation division (fig 4). After the formation of the 
second polar body the sperm-nucleus begins to enlarge and the 
amphiaster gradually wanes, but it may be recognized up to 
the time of contact of the germ nuclei. The centrosomes of the 
first cleavage spindle then begin to appear. Whether or not they 
are continuous with those of the sperm amphiaster is a question 
which I shall take up in the next study of this series. The cleay- 
age asters rapidly become very large and conspicuous (figs. 5 and 
6). During the growth of the germ nuclei a considerable number 
of large granules staining strongly in iron haematoxylin appear in 
their immediate vicinity. 

The main point of these observations on the normal fertili- 
zation, both in the living eggs and also in section, is to demon- 
strate for elucidation of the experiments following: (1) That 
membrane formation precedes penetration of the spermatozoon 
by along time. (2) That the spermatozoon does not penetrate 


STUDIES OF FERTILIZATION 373 


the vitellne membrane and enter the egg until at least forty to 
fifty minutes after insemination, although its attachment to the 
membrane takes place immediately. (3) That the presence of 
the sperm-nucleus is readily demonstrable in all stages after 
penetration. 


B. Removal of the spermatozoon after membrane formation 


In the summer of 1909 I was studying the effects of centri- 
fuging on the egg of Nereis with the aim of getting more data 
on the problem of polarity and the theory of formative stuffs. 
It soon became apparent that the effects of centrifuging varied 
with the stage of development, and so several series of experi- 
ments were made in which the eggs were centrifuged at regular 
intervals from before fertilization up to the time of the first 
cleavage. 

The effects of centrifuging may be divided into three cate- 
gories: (1) A certain proportion of centrifuged eggs develop 
approximately normally, the percentage varying greatly with 
the stage of centrifuging. (2) A certain proportion of eggs, 
varying at different stages, segment more or less abnormally, 
sometimes extremely so (e.g. meroblastic), and produce embryos 
with more or less pronounced abnormalities. (3) At certain 
stages of centrifuging a variable proportion of eggs fails to carry 
out even the first cleavage. The investigation of the causes of 
such failure to segment revealed the fact that it was owing to 
the removal of the spermatozoon after membrane-formation. 
It is the evidence for this statement that is now under considera- 
tion. 

The results with reference to failure to segment were, in gen- 
eral, as follows: 

1. If unfertilized eggs were centrifuged and then fertilized, 
all segmented, and a large percentage tended to develop quite 
normally. 

2. A disturbing factor comes in shortly after insemination, 
owing to the fact that when the jelly is first secreted by the eggs 
it is so viscid that the eggs stick together in the bottom of the 
centrifuge in a mass which cannot be separated into its constitu- 
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ent eggs. The extreme viscidity of the jelly gradually dis- 
appears, and after about twenty minutes from insemination, the 
eggs no longer mat together. It is therefore difficult to investi- 
gate the effects of centrifuging on the developmental capacity 
of the eggs during the first ten or fifteen minutes after insemin- 
ation. However, when the viscid stage begins to pass away 
and eggs can be separated from the mass for examination, the 
majority are found to undergo segmentation, as many as 98 per 
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Fig. C. The effectsof centrifuging on the power tosegment in Nereis. The ab- 
scissae represent minutes from the time of i semination, the ordinates the percen- 
tage of eggs dividing. At position a penetration of the spermatozoon is just 
completed in most of the eggs. At position b the first polar body is extruded. 
Data from experiment 2, 1910. 


cent in one case (experiment 2, fos) twenty-one minutes after 
insemination. 

3. For about the next thirty minutes (twenty-one to fifty- 
three minutes after insemination) centrifuging tends to inhibit 
the cleavage of a certain proportion of the eggs which gradually 
increases up to about thirty-seven minutes after insemination 
and then decreases again. For instance, in experiment 2 of 
1910, of the eggs centrifuged twenty-one minutes after insemin- 
ation 98 per cent segmented; twenty-six minutes after insemin- 
ation 36 per cent segmented; thirty-two minutes, 33 per cent; 
thirty-seven minutes, 21 per cent segmented; forty-three min- 
utes, 26 per cent segmented; forty-eight minutes, 52 per cent 
segmented; fifty-three minutes, 75 per cent segmented; fifty- 
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eight minutes, 90 per cent segmented; sixty-three minutes, 
90+ per cent segmented; sixty-nine minutes, 95+ per cent seg- 
mented; control eggs, 99 per cent segmented. (See Fig. C.) 

4. From this time on nearly all of the eggs segment after 
centrifuging until, during the anaphase and telophase of the first 
cleavage spindle, centrifuging again tends to inhibit cleavage. 

The following table (Experiment 29) gives a fairly typical 
series of results. There were twelve such experimental series 
in all, more or less complete, giving concordant results except 
that in some at the period corresponding to 29D, 90 to 98 per 
cent were so affected that they failed to segment. On either 
side of this critical period there is a decreasing susceptibility to 
such injury by centrifuging. 


EXPERIMENT 29 


September 8, 1909 


b2 ss —— = = 
TIME OF CENTRIFUGING | 


DESIGNATION | AFTER INSEMINATION PERCENTAGE SEGMENTED | REMARES 
Pi RC a rere Control (not centri-| 100 per cent 
fuged) 
29A.......2.....| Before insemination| 100 per cent practi- 
| cally 
BOB coe we eee | 20 minutes Majority Eggs matted loosely 
DAA Ok sole aed te | 30 minutes Majority 
DO a teens caer | 41 minutes 20 to 30 per cent 
PA) Dine cee eae | 51 minutes 70 to 80 per cent 
Pe) Disa cs Seno et OL 66 minutes 90 to 95 per cent 
DOG a ee wet nee 79 minutes 100 per cent 
NTs, wes thenuas chs 95 minutes 100 per cent 
20) Roane Ae eee 114 minutes 100 per cent 
7A08 jas 6 Sale ae 121 minutes Some unsegmented 
ot eas eh 127 minutes Less than majority} Centrifuged during 
and these irregu-| process of Ist 
| lar cleavage 
At) Cy ee ae | 149 minutes | Most segmented fur-| Centrifuged in 2-cell 


ther | stage 


| 


Two major processes are going on in the egg at this time, 
viz.: maturation and fertilization. The injury is not primarily 
to the process of maturation, for the eggs that do not segment 
form the polar bodies; nor is it probable that there is a general 
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systemic injury to the egg protoplasm at this time not received 
at other times, when the fact that maturation continues and polar- 
ity is preserved in these eggs, is considered. It would, there- 
fore, appear probable that the injury is to the process of fertiliz- 
ation itself, and this conjecture is completely confirmed by cyto- 
logical study. The most conclusive experiment in this respect 
is no. 27, the details of which are as follows: 

The eggs were fertilized at 9:28 a.m., September 4, 1909. 
Some of these were kept for control and all segmented normally. 
The remainder were centrifuged about 60 x 120 revolutions at a 
radius of 6 cm. in one minute, at the following times: 27A at 
9:58 a.M.; 27B at 10:03; 27C at 10:08; 27D at 10:12; 27E at 10:16. 
About 20-per cent of 27A segmented, 5 to 10 per cent of 27B, 20 
per cent of 27C, 50 to 60 per cent of 27D, and 75 to 90 per 
cent of 27K. Samples of the control and of each of 27A, 27B, 
27C, 27D and 27E were preserved at 10:31 and 10:43 a.m.? 


EXPERIMENT 27 
Eggs fertilized at 9:28 a.m., Sept. 4, 1909 


TIME AFTER | 
DESIGNA- CENTRIFUGED INSEMI- SAMPLES PRESERVED LIVING EGGS 
TION NATION 


(1) 10:314 a.m. All segmented 


27 Con- Not centrifuged | 
trol.. (2) 10:45 3a.M. 

27A ...|60 x 120 rev. in| (1) 10:30 a.m. About 20 per cent 
1 min. 9:58a.M.| 30min. | (2) 10:433 a.m. segmented 

27B..-.| 60 x 120 rev. in | (1) 10:303 a.m. About 5-10 per 
1 min. 10:03 a.m.| 35min. | (2) 10:433 a.m. cent segmented 

27C....| 60 x 120 rev. in (1) 10:304 a.m. | About 20 per cent 
1 min. 10:08 a.m.| 40 min. | (2) 10:44 a.m. | segmented 

21D \...\.00Rsx” 120 rev, an | (1) 10:31 a.m. |About 50-60 per 
1 min. 10:12 a.m.| 44 min. (2) 10:4435 a.m. | cent segmented 

27... -| 60! x" 120) rey, 1 | (1) 10:31 a.m. | About 75-90 per 
1 min. 10:16 a.m.| 48min. | 


(2) 10:45 a.m. cent segmented 


"Since the above was written this experiment has been repeated (Exp. 2, ’10), 
with the added precaution of preserving a sample of the normal eggs corresponding 
to each stage of centrifuging, in order to make certain of the stages of fertilization 
in each case. The results completely confirm those of experiment 27, and the 
sperm was found to be external in the most critical stage (37 minutes after insemi- 
nation in this experiment; see page 371). 


STUDIES OF FERTILIZATION 377 


Cytological study of the twelve lots of preserved eggs showed 
stages ranging from the metaphase of the second maturation 
spindle to the prophase of the first cleavage, the earlier stages 
of course being found in lot 1 in each ease. 

In the control lots it was easy to demonstrate the sperm 
nucleus at all stages to the formation of the first cleavage spin- 
dle. The sperm nucleus is rendered particularly conspicuous 
during the second maturation division by the large amphiaster 
that accompanies it (fig. 4), both lying in the yolk-free proto- 
plasm. After the formation of the second polar body the sperm 
amphiaster gradually fades, but the sperm nucleus can be 
recognized by its position and by the remnants of radiations 
up to the time of union of the two germ nuclei; and in the later 
stages its presence may be inferred by the degree of development 
of the cleavage amphiaster and the number of chromosomes. 
There is, therefore, no time from the beginning of the second 
maturation division up to the formation of the first cleavage spin- 
dle when the presence of the sperm nucleus cannot be readily 
demonstrated. 

In the study of the serial sections of the control eggs I found 
no egg in which, all sections being present, the sperm nucleus 
could not be demonstrated. In the serial sections of 27A, the 
sperm nucleus could be recognized in only about 37 per cent of 
the eggs; in 27B in only 10 per cent to 20 per cent; in 27C in about 
25 per cent; in 27D in about 53 per cent; in 27E in about 76 per 
cent. The stages of maturation of lots A to E corresponded very 
closely with the stages of maturation of the control eggs killed 
at the same time. 

It is a relatively simple matter to demonstrate the presence 
of the sperm nucleus, for a single positive observation suffices; but, 
to be sure of the absence of a sperm nucleus from any particular 
egg, it is necessary to examine practically every section of the 
egg, and the absence of two consecutive sections is sufficient 
reason for excluding an egg from the count. This may be one 
reason why the number of eggs in the different lots shown to 
contain sperm nuclei tends to be somewhat larger than the esti- 
mate of the number of eggs that segmented. Another reason 
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probably is that a sperm nucleus may persist to a certain 
extent even if injured and unable to produce the full fertilizing 
effect and cause cleavage. 

A third reason for discrepancy in the results is that abnorm- 
alities of maturation may be produced by centrifuging which 
render the determination of the sperm nucleus more difficult 
than usual. It frequently happens that, as the first matura- 
tion spindle is driven from the surface by the centrifugal force, 
it divides before it reaches the surface again, producing two 
maturation nuclei within the egg. The two second maturation 
spindles may then unite to form a tetraster, one pole of which 
approaches the surface and a single polar body is formed, leaving 
three nuclei within the eggs (fig. 7). Such eggs were readily 
recognized by the absence of the first polar globule, and by the 
presence of the extra nuclei. But it was sometimes difficult to 
determine in certain stages whether there were only three nuclei, 
the sperm nucleus being absent, or four, the sperm nucleus being 
present. 

A fourth reason for a certain discrepancy between the esti- 
mate of the number of eggs that segmented and the number 
determined to have sperm nuclei might be that at the time the 
experiment was made the importance of exact determination of 
the number of eggs that segmented was not realized, and the 
determination was made only roughly. Putting the results 
side by side we have: 


PERCENTAGE OF EGGS PERCENTAGE DETERMINED 
OBSERVED TO DIVIDE BY SERIAL SECTIONS TO 
IN LIVING CONDITION | POSSESS SPERM NUCLEI 

27 Controle st Se eres | All All 

BIN. «5. ses RS eae ee | About 20 per cent About 37 per cent 

id SEER Soh Pd A CR a | 5 to 10 per cent About 10-20 per cent 

“yt ORME Lo Bee) Sea About 20 per cent About 25 per cent 

PUD Ae OAR sn SB Ce | About 50-60 per cent About 53 per cent 

Di eee ane. ea About 75-90 per cent About 76 per cent 


Considering the various sources of error, the agreement is 
very close except in 27A. But in this case we do not have to 
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explain why eggs in which the sperm nucleus was absent segmented 
but on the contrary, why certain eggs that possessed the sperm 
nucleus failed to segment, which is a very different thing. There 
is no evidence that any egg in which the sperm nucleus was absent 
succeeded in dividing. 

The general conclusion that removal of the spermatozoon at the 
times noted in the experiments involves incomplete fertilization, 
is sufficiently demonstrated by the results. 

Let us call the stage at which the spermatozoon is eliminated 
in the greatest proportion of eggs, the critical period. The 
exact number of minutes from the time of mixing eggs and sperm 
to this stage varies of course through the season, owing to the 
variations of temperature. Moreover, it is not exactly deter- 
mined in all experiments, for in some the stages of centrifuging 
fall on either side of it. This being understood, we may note that 
in eight experiments the critical period occurred at from 25 min- 
utes to 40 minutes after fertilization. This is quite a wide 
variation, but when the time is represented asa fraction of the 
entire period between fertilization and the first cleavage, it 
is found that in all cases the period up to the critical period is 
between 27 and 33 per cent of the total time up to the first cleav- 
age. It is obviously a corresponding stage in all cases, for the 
observed differences fall within the chances of error, viz: that the 
critical period is hit exactly in only very few experiments, and 
that the time of beginning of the first cleavage must be stated 
rather arbitrarily on account of the variation in rate of individ- 
ual eggs. . 

The critical period occurs shortly before the penetration 
of the spermatozoon into the egg. We noted in the first part 
of this paper that the penetration of the spermatozoon is extreme- 
ly gradual; my observations on this point, both from the study of 
the living egg and also of sections, show that it requires forty to 
fifty minutes for the head of the spermatozoon to disappear 
through the membrane. 

As the most critical period comes in the great majority of 
experiments from thirty-five to forty minutes after insemina- 
tion, it is obvious that the spermatozoon is in some way prevented 
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from entering the egg. The explanation is comparatively simple; 
the spermatozoon is imbedded in the jelly by which the egg is 
surrounded. When the jelly is first formed it is very viscid, and 
adheres to the eggs during centrifuging so that they mat together 
in the centrifuge. However, this stage passes and the result of 
centrifuging is then to separate the jelly from the eggs. In many 
eases the jelly carries off the attached spermatozoon with it. 
After penetration this can of course no longer happen. The curve 
of variation of the per cent of eggs centrifuged before penetration 
that fail to segment is due to the following factors: (a) At about 
twenty-five minutes the sperm head is sunk in a deep depression 
of the membrane and hence is less likely to be torn away by the 
jelly; (b) the change in consistency of the jelly presumably 
extends from without inwards; hence at first the innermost layer 
in which the spermatozoon is imbedded tends for a time (also 
presumably) to remain with the egg; (c) the time of penetration 
varies somewhat in any lot of eggs. These facts together would 
explain why the percentage of eggs that fail to segment after cen- 
trifuging rises to a maximum and sinks again to a minimum in 
the successive stages of centrifuging. 

The fact that centrifuging inhibits cleavage in a small per cent 
of the eggs from fifty to fifty-five minutes after insemination, 
leads me to suspect that in some cases the sperm may be destroyed 
after its penetration into the egg. In experiment 2, 1910, for 
instance, cleavage was inhibited in 25 per cent of the eggs centri- 
fuged fifty-three minutes after fertilization; in the control eggs 
killed at the time of centrifuging, penetration of the sperm is 
completed in the great majority of eggs, though it is found exter- 
nal still in a very few; it is difficult to estimate the per cent of the 
latter, but the impression is that it is less than 25 per cent. How- 
ever, it is impossible to confirm this, and I mention the matter 
here to call attention to the error in my first paper read before the 
Central Branch of the American Zoological Society (Abstract in 
Science, vol. 18, p. 36, May, 1910),'in which I stated that the de- 
struction of the sperm nucleus followed penetration. A renewed 
study of the penetration has proved that this is not the case, 
usually at least. 
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We are not, of course, free to infer that fertilization is complete 
as the stimulus to development immediately after penetration 
of the spermatozoon. The experiments prove directly that in 
the egg of Nereis the stimulus of the spermatozoon as the impulse 
to development consists of two distinct parts: (1) an external 
stimulus that causes membrane formation and whichissufhicient of 
itself to induce the maturation; (2) an internal stimulus dependent 
on penetration of the spermatozoon. How long after penetration 
fertilization is still incomplete cannot be decided on the basis of 
these experiments. 

In concluding this section, we may note that the cause of 
failure to segment following centrifuging during the anaphase of 
the first cleavage is an entirely different one. The cause in 
this case is the breaking up of the karyokinetic figure and func- 
tion, and dispersing the chromosomes. ‘This is readily demon- 
strated in sections. In the case of eggs centrifuged at the ‘critical 
stage’, the sections show that the maturation spindle receives 
no injury from centrifuging, but appears coherent and normal in 
the sections. The sections of eggs centrifuged during the ana- 
phases of the first cleavage show the chromosomes dispersed 
through the cytoplasm and the cleavage spindle no longer 
coherent, but broken up. In the first case the cause of failure 
to segment is elimination of the sperm-nucleus, as shown by 
study of series 27. This cannot be the cause in the second case, 
and a sufficient explanation of the failure to segment is found in 
the destruction of the karyokinetic figure. 


C. Comparison of completely and partially fertilized eggs vn later 
stages 


We have noted so far that definite proportions of eggs centri- 
fuged at definite periods in the process of fertilization fail to 
develop a sperm-nucleus, and that similar proportions of the 
same lots of eggs when left to develop fail to undergo segmenta- 
tion. The facts (1) that all the control eggs of the same lot seg- 
ment, and (2) that the centrifuged eggs that fail to segment, 
nevertheless had formed the fertilization membrane and under- 
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gone maturation, prove that the unsegmented eggs had received 
at least the first stimulus of fertilization. It was also shown that 
the critical period for suppressing segmentation by centrifuging 
occurs at a time shortly before entrance of the spermatozoon, and 
that it is due to prevention of penetration. The partially fer- 
tilized eggs, therefore, resemble the normal ones in the fact that 
membrane formation and the first stimulus to development are 
called forth by action of the spermatozoon, and they differ from 
the normally fertilized eggs in that the internal egg protoplasm has 
not received the direct stimulus of the spermatozoon. A cyto- 
logical examination of such eggs could not fail to be of interest 
and might give some clue to the internal function of the spermato- 
zoon in fertilization. 

Both polar bodies form regularly in such eggs as already noted, 
and the egg-nucleus (female pronucleus) arises and attains the 
same size as in normally fertilized eggs. The chromosomes of the 
first cleavage spindle then form in the usual fashion and at 
the usual time, accompanied by disappearance of the nuclear 
membrane. But, whereas, in the presence of a sperm nucleus, 
cytoplasmic asters accompany these processes and a spindle 
rapidly arises during the prophases of the first cleavage, in the 
absence of the sperm nucleus there is absolutely no sign of cytas- 
ters or evidence of spindle formation. The chromosomes lie 
naked in the cytoplasm surrounded by a clear area (fig. 7). 

Each chromosome then splits longitudinally in the usual 
fashion, but the halves do not separate. At the time of the 
telophase of the normal first cleavage there is a tendency to 
scattering and breaking up of the chromosomes. When the nor- 
mal eggs have reached the two and four-celled stages, the scat- 
‘tering and breaking up of the chromosomes have progressed 
much farther in the unsegmented eggs, and in the course of two 
or three hours there remains no differentiated nucleus or chro- 
mosomes, but only numerous chromatic granules scattered 
throughout the cytoplasm. 

The behavior of the partially fertilized eggs may be compared 
on the one hand with that of normally fertilized eggs and on the 
other with that of eggs caused to mature by centrifuging. As com- 
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pared with the former, the chief difference observable by cytologi- 
cal methods is the entire absence of the achromatic part of the 
karyokinetic figure. The differences in later stages may be 
conceived as secondary effects of this defect or of the conditions 
determining such defect. When eggs are caused to mature by 
centrifuging the process begins as in normally fertilized eggs by 
the breaking down of the cortical layer and formation of the 
jelly; the germinal vesicle ruptures and the two maturation 
divisions follow. After the completion of the maturation 
the chromosomal vesicles of the egg nucleus usually fail to unite 
perfectly, and in a little while they separate and scatter in the 
cytoplasm without formation of chromosomes, so that each egg 
appears to possess a considerable number of small nuclei. In a 
few cases the first indications of chromosome formation may be 
observed in the vesicles shortly after maturation but not later. 
Subsequently the chromosomal vesicles appear to dissolve in the 
cytoplasm liberating small chromatic nucleoli. 

The partial stimulus of the spermatozoon is thus somewhat 
more effective than the mechanical shock of centrifuging, though 
both produced the same initial changes, apparently equally well. 
This may possibly be due to entrance of a small amount of matter 
from the spermatozoon; for at the critical period the perforator- 
ium of the sperm has penetrated the membrane and is imbedded 
in the entrance cone. 


D. General discussion 


The general conclusion that the function of the spermatozoon 
in the stimulus to development involves at least two factors 
has already been clearly stated by Boveri (’07) and Loeb (’09b): 
According to Loeb, one factor is the cytolysis of the ‘‘very thin 
cortical layer of egg’’; but while this stimulates development, 
the latter is often abnormal and therefore usually comes to a 
halt. A second process is necessary to ensure more normal and 
lasting development (Loeb ’09b). Apparently Loeb is not very 
clear concerning the nature of the second factor, but is inclined 
to regard it as inhibiting the cytolysis which he conceives to be 
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begun as the first factor of the developmental stimulus. This 
conclusion was formed as a result of two kinds of experiments: 
In the first Loeb found that the best results in artificial parthen- 
ogenesis are obtained, in the egg of a Californian sea-urchin, by 
a double treatment: first using a cytolytic agent and then follow- 
ing it by treatment with hypertonic sea-water, or by inhibiting 
oxidation for a while. In the second class of experiments Loeb 
and Elder found that mere membrane formation might be induced 
in sea-urchin eggs by external contact of starfish spermatozoa, 
but farther development did not take place except in the relatively 
few cases in which the spermatozoon entered the egg (Loeb 
’09b, p. 249), or unless the eggs were treated after membrane 
formation with hypertonic sea-water. Although this experiment 
is complicated by the hybridizing, yet it demonstrates the same 
distinction between external and internal functions of the sperma- 
tozoon in fertilization that I have shown for Nereis by a different 
method. 

Artificial parthenogenesis may be induced in the sea-urchin 
egg without membrane formation and this fact appears te me to 
indicate that the internal function of the spermatozoon is prob- 
ably at least as fundamental as the external function (membrane 
formation), though, as Loeb points out, development without 
membrane formation takes place in a less normal fashion than 
after membrane formation. But inasmuch as we may have 
membrane-formation without development, and development 
without membrane formation, it would seem premature at least 
to consider membrane formation as the chief function of the sper- 
matozoon in fertilization. 

The experiments described in this paper show that in Nereis 
fertilization by the spermatozoon is incomplete after the forma- 
tion of the membrane. The question then arises, when is the 
function of the spermatozoon in fertilization completed? Zieg- 
ler’s and Wilson’s experiments show that it is incomplete even 
some time after entrance of the spermatozoon. Ziegler’s experi- 
ments (’98) consisted “‘in so constricting the egg of the sea-urchin 
alter penetration of the spermatozoon that the one part contains 
the sperm nucleus, the other part the female sex-nucleus. The 


STUDIES OF FERTILIZATION 385 


part that contains the sperm nucleus undergoes cleavage and 
develops farther; in the other part the female sex-nucleus under- 
goes remarkable transformations, dissolving and reappearing, a 
process which is repeated several times.’’ In spite, therefore, 
of the presence of the sperm-nucleus in a constricted part of 
the same egg, the part containing the egg nucleus was not 
fully fertilized. It made abortive attempts at division, but the 
karyokinetic figure was too feeble to carry the process through. 

Wilson observed (’03) that if the fertilized eggs of Cerebrat- 
ulus be cut in two shortly after the penetration of the sperm- 
atozoon “‘only a single fragment develops even though the 
fragments be refertilized immediately after the operation. In 
such cases it is almost invariably the nucleated fragments that 
develop, but in a very few cases I have observed that the enu- 
cleated fragment develops,’ while the nucleated one forms the 
polar bodies, but proceeds no further.”’ By the nucleated frag- 
ment in this case Wilson means the fragment containing the 
maturation spindle. Farther on he adds ‘‘The few cases in 
which the enucleated fragment of the bisected fertilized egg 
develops are doubtless those in which the plane of section sep- 
arates the sperm-nucleus from the egg-nucleus.”’ This is indeed 
the only possible explanation. In such cases the fragment con- 
taining the egg-nucleus is only partially fertilized. 

Boveri has also observed that if freshly fertilized sea-urchin 
eggs be broken into fragments by shaking, certain of the frag- 
ments contain the egg nucleus alone. If such fragments are not 
subsequently entered by a spermatozoon, the nucleus enlarges, 
dissolves and reappears again; but they do not segment (96). 
Later he observed that such pieces may divide at least twice (’02). 

These experiments demonstrate. that fertilization is still 
partial even some time after entrance of the spermatozoon into 
the egg; but they do not show at what stage it is complete. 
Boveri’s very interesting observations on ‘partial fertilization’ 
in the sea-urchin egg (’88 and ’9G) carry the solution of the prob- 
lem a step farther (cf. also Teichmann ’02). In the experiments 
which furnished the material for his observations both eggs and 
sperm were weakened, the former by standing for fourteen hours 
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in sea-water and the latter by treatment with KOH prolonged 
to a stage in which only a small percentage of the spermatozoa 
continued to move. Under these conditions in a large number 
of eggs the sperm aster separated from the sperm nucleus, which 
was usually left on one side, and proceeded alone to conjugate 
with the egg-nucleus. Thereupon the cleavage spindle formed 
with the egg-nucleus alone, and segmentation of the egg ensued. 
In the four-cell stage usually, but sometimes in the two or eight- 
cell stage, the sperm nucleus united with one of the segmentation 
nuclei. Boveri concludes from this and other results that the 
fertilizing action of the spermatozoon consists in the introduction 
of a centrosome into the egg. When this has united with the egg 
nucleus, with or without participation of the sperm nucleus, fer- 
tilization would be complete; or with the sperm nucleus alone in 
merogony it likewise completes fertilization. 

Boveri has used the term ‘partial fertilization’ for the phenom- 
enon just described, although he admits that it is a misnomer. 
It is unfortunate that such a significance should have come to be 
attached to the expression, because, as has been shown, my own 
results and those of Ziegler, Wilson and Boveri himself prove that 
partial fertilization in the literal sense really occurs. The vari- 
ous stages of partial fertilization as shown by the results in the 
literature on the subject are: 

1. External contact alone by the spermatozoon producing, 

a. Formation of the fertilization membrane, (Loeb and Elder 
for sea-urchins, Lillie for Nereis). 

b. Maturation and formation of the chromosomes from the 
egg nucleus without spindle, (Lillie for Nereis). 

c. Maturation and cleavage to stereoblastula, (Bataillon: 
hybrid union of eggs of Pelodytes punctatus and Bufo calamita 
with sperm of Triton alpestris). 

2. If the spermatozoon be removed shortly after entrance, 

a. Maturation alone may result, (Wilson on Cerebratulus). 


3Herbst (’07 p. 202 and ’09 p. 277) interprets Boveri's ‘partial fertilization’ as 
a combination of parthenogenesis and fertilization. Such an interpretation does 
not, however, explain Boveri’s account of the behavior of the sperm-centrosomes. 
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b. An abortive karyokinetic figure may form with the egg 
nucleus alone, (Ziegler and Boveri on sea-urchins). 

c. In some eases at least two cleavages may result, (Boveri 
on sea-urchins). Boveri’s so-called ‘partial fertilization, is really 
full fertilization, so it does not come in this series. 

The difference in reaction of the egg-cytoplasm to its own 
nucleus and to the introduced part of the spermatozoon can be 
explained on only one of two grounds; either in the general sense 
of Boveri’s theory on purely morphological grounds, or on the 
ground of a chemical difference, presumably of sexual origin, 
between the egg on the one hand and the sperm on the other. 
The latter form of interpretation seems to me preferable because 
it is a physiological interpretation which takes cognizance of the 
sexual factor in fertilization. 

Boveri's theory of fertilization rests on the identification of the 
centrosomes of the sperm aster with a definite formed element 
(centrosome) introduced into the egg by the spermatozoon; 
but it has never been demonstrated in any case in all the liter- 
ature on the subject of fertilization that the centrosomes of the 
cleavage spindle, or indeed of the sperm aster, are derived from 
any definite formed element of the spermatozoon. Boveri 
himself admits this in his sixth cell study (07, page 266); and so 
long as definite proof of the continuity of the so-called sperm- 
centrosomes from the spermatid up to the formation of the first 
cleavage spindle is lacking, all of Boveri’s observations are open 
to another interpretation than the one he has given; to the inter- 
pretation, namely, that the sperm asters represent a reaction of 
the egg cytoplasm to a male element, or at least a foreign element, 
represented for the most part by the sperm nucleus. 

The biological analysis of fertilization seems to me to rest now 
upon the problem of the origin of the sperm aster in the egg. 
More crucial evidence is needed on this point, and I do not believe 
that any refinement of cytological technique will give the result. 
Experimental evidence is needed; either, as Boveri (’88) sug- 
gested, the introduction of a non-nucleated spermatozoon in the 
egg to prove whether or not the sperm asters would arise without 
the nucleus and fertilize the egg, or the introduction of only the 
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anterior part of the sperm into the egg to prove whether or not 
the sperm nucleus without the centrosome, which is contained 
in the middle piece of the spermatozoon, would cause the produc- 
tion of asters in the egg-cytoplasm. 

As Boveri, among others, has pointed out, there is not only 
one, but several stages of inhibition in the history of the egg. 
This may be illustrated by noting the stages at which in the eggs 
of various animals the need for fertilization arises. In some eggs 
it is before the rupture of the germinal vesicle (e.g., Nereis), 
in others at the time of the mesophase of the first maturation 
spindle (e.g., Chaetopterus and Cerebratulus), in others again 
after the formation of the first polar body (e.g., Amphioxus, 
amphibians), in others again, not until after the formation of 
both polar bodies (e.g., sea-urchin). There is no doubt that the 
last stage of inhibition is the most difficult one to overcome, both 
because many eggs pass by the earlier stages without apparent 
specific stimuli and also because it is possible to cause eggs that 
normally stop at the first or second stage of inhibition to pass on to 
the last stage by stimuli that are ineffective when this stage is 
reached, (e.g., Nereis as noted in this paper and Chaetopterus as 
noted in various earlier papers). 

The nature of the inhibition that causes the need for fertiliza- 
tion is a most fundamental problem. Is it the same in all these 
cases, 2.e., a gradually increasing inhibition that may be effect- 
ive before maturation, but in some cases not until maturation 
has progressed a certain distance, or even until it is complete?! 
If it is the same cause at all these stages then it is certain that the 
need for fertilization is not due to any defect of the egg-centro- 
somes, for the pause takes place in Chaetopterus (e.g.) while the 
egg-centrosomes are at the very height of their activity. If, 


‘Bataillon (10) holds the view that the nature of the inhibition is the 
same whether the arrest is at the stage of the resting nucleus or in the height of 
karyokinesis. He holds the view that the inhibition is due to accumulation of ex- 
cretory products and that the stimulus to development is essentially a process of 
elimination. Bataillon’s paper was received after my own was completely written. 
His interesting results will be considered more fully in my next paper. In Part 
I of the present paper (last paragraph) I have presented a view similar in some 
respects to Bataillon’s. 
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therefore, we are to hold to the theory of Boveri in its literal 
sense, we must believe that there are different kinds of inhibition. 
However, it is, I believe, simpler and more logical to hold that 
the inhibition differs only in intensity at these various stages; 
and this point of view seems to be supported by the fact that the 
same stimulus which at a lower intensity will cause only matur- 
ation to take place in Chaetopterus, at a higher intensity will 
cause differentiation also to proceed, though in this case without 
cleavage. Boveri (’07), however, holds that there are different 
kinds of inhibition, that the postulated degeneracy of the egg- 
centrosomes after maturation is in a sense the more primitive, 
and that other kinds have been secondarily acquired, a point of 
view that gives a more or less definitely teleological aspect to 
the question. 

From a physiological point of view we might inquire, what are 
the conditions that cause the postulated sudden degeneration 
of the egg-centrosomes? Such a condition if found, would be 
nearer the fundamental cause of inhibition of the egg and it might 
turn out to be the same cause that conditions in so many cases 
an earlier arrest of activities in the egg. 

The experiments on artificial parthenogenesis are sometimes 
regarded as involving the entire problem of fertilization. But 
if it be true, as many believe, that biological fertilization, (if I 
may be pardoned such an expression) is fundamentally a sexual re- 
action, then the physico-chemical analysis of fertilization must 
compass the entire problem of sex, which is much wider than the 
problem of parthenogenesis. The physico-chemical analysis 
of fertilization has dealt, up to the present exclusively, with the 
latter problem, and for this reason the earlier title of such studies 
‘artificial parthenogenesis’, seems to me much more fitting than 
‘chemical fertilization’ which is sometimes loosely used. From 
the zoological point of view, at least, parthenogenesis and fertil- 
ization are not interchangeable functions. There is a factor 
present in fertilization which is absent in parthenogenesis, and 
the latter is never the exclusive mode of reproduction among 
animals. The biological analysis of fertilization therefore 
involves problems that do not occur in the physico-chemical 
analysis of parthenogenesis. 
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PLATE 1 
EXPLANATION OF FIGURES 


1 Axial section of an unfertilized normal ovocyte of Nereis, fixed in Flem- 
ming’s fluid, weaker solution. In this fixing fluid the yolk granules swell and tend 
to run together. The oil drops are dissolved out in the preparation and are 
represented by empty spaces. v.m. vitelline membrane. c./. cortical layer, from 
which the jelly is formed. 

2 Section of an egg of Nereis, fixed in Meves’ fluid five minutes after insemina- 
tion. The cortical layer is already somewhat reduced in thickness. The yolk 
granules are not swollen. The oil drops are not dissolved out. The section is 
approximately horizontal. c.l., remains of cortical layer; v.m., vitelline membrane. 

3 Section of an egg of Nereis, fixed in Meves’ fluid fifteen minutes after insem- 
ination. The cortical layer has entirely disappeared, and the perivitelline space 
isformed. The germinal vesicle is breaking down and the first maturation spindle 
is forming. p.v. perivitelline space. v.m., vitelline membrane. 

4 Section of an egg of Nereis, fixed in Meves’ fluid fifty-seven minutes afeae 
insemination. Only one centrosome of the sperm amphiaster is shown. 

5 Section through the first cleavage-spindle of Nereis, normal, one hour and 
twenty-seven minutes after insemination. 

6 Tetrapolar second maturation spindle of Nereis. See text for description 
(p. 378). Three egg nuclei are formed in such a case. 

7 Egg nucleus of egg of Nereis in which the spermatozoon was removed by 
centrifuging. The chromosomes of the first cleavage are formed, but there are 
no asters. Cf. fig. 5 

All figures drawn with the camera lucida with Zeiss comp. oc. 6 and 2 mm. 
hom. oil im. obj. 
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PURPOSES OF THE RESEARCH 
1. Special 


One of us (Johnson, 710) has shown that the individuals of the 
blocks into which the chains of blastozooids of Salpa fusiformis- 
runcinata, S. cylindrica, and 8. zonaria-cordiformis become dif- 
ferentiated, fall into size schemes, or systems. 

The question naturally arises, how general is this phenomenon 
among salpae? The possibility that the wheel grouping in Cyclo- 
salpa corresponds to the block grouping in Salpa proper, occurs to 
one rather readily in spite of the conspicuous differences between 
the two. If this conjecture be right, we should expect to find a 
size scheme of zooids in the wheels of Cyclosalpa similar to that 
in the blocks of Salpa. That such a scheme exists in the wheels 
even more pronouncedly than in the blocks, the sequel will show. 


2. General 


This much more evidence is consequently adduced favorable 
to the idea of correspondence between the wheels and the blocks. 
But what do we mean by correspondence? In a general sense the 
blocks and wheels undoubtedly correspond: both are groups of 
similar organisms similarly located with reference to the parent 
zooid. This much of correspondence is recognizable to cursory — 
inspection. Does the discovery of a similar size scheme among 
the zooids in the groups in the two species advance our interpreta- 
tion of these organisms much if at all? Does it amount to any- 
thing more than a recognition of one more resemblance? Accord- 
ing to the meaning that ‘interpretation’ and ‘resemblance’ have 
in most later biological writing, we must probably say no. We 
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must hold that unless the new correspondence includes some- 
where what we hold as one or more ‘causal factors’ not much has 
been accomplished. If, for example, we extend the inquiry to the 
question of the dependence of the size scheme of the zooids upon 
growth and other internal factors on the one hand, and upon en- 
vironmental factors on the other; and if here, too, we find further 
correspondence, our belief in the essential identity as we might 
say, unless standing for extreme exactness of expression, would 
be reached. 

We shall see that the size scheme of the zooids in the wheels is 
almost certainly foreshadowed before the wheels themselves are. 
If this be so, then the resemblance between the Cyclosalpa chain 
and the Salpa chain is considerably closer before than after the 
wheels appear in the former. But it is difficult, if not impossible, 
to attribute the block production in the Salpa chain entirely to 
other than inherent factors, of which growth seems to be the most 
immediate. So far, therefore, as we can rely upon our evidence 
for the marking off of the Cyclosalpa chain into groups before the 
wheels are formed we seem to have placed the notion of corre- 
spondence between the wheels and the blocks on firm ground. 

Evidence still more convincing perhaps, that the wheels and 
blocks correspond in a strict biological sense, in the sense that both 
are expressions of periodicity in growth, is found in the fact that 
growth and development are observed to be periodic in so wide 
a range of living beings. The growth of plants for example, ap- 
pears to be nearly if not quite always of that nature. Finally, 
belief in the correspondence would, so far as we can see, reach 
high water mark, should it be finally made very probable that not 
only growth and development but all strictly biological processes 
whatever, are periodic. We are undoubtedly a long way from this 
last conception. Certain it is, though, that we now have sufficient 
facts to make the hypothesis of periodicity as warrantable as its 
opposite, namely, that certain phenomena are continuous in the 
sense of not being automatically interruptive and group-wise. 
We may now proceed to the handling of our data. 
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BRIEF DESCRIPTION OF THE SPECIES 


The species Cyclosalpa affinis (Chamisso) was taken in 
abundance at La Jolla from May to November, 1909, during 
which time most of the observational portion of this research was 
made. The longest chains and the largest wheels were brought 
in during the earlier part of this period, while the later catches 
yielded many specimens of the solitary form with short chains, 
and many medium sized single wheels. 

Although the salpae do not survive for more than a day or two 
in the ordinary aquarium, the material has been sufficiently 
abundant to admit of considerable work, with the living specimens. 

The two generations of this species differ markedly, as do those 
of all members of the genus. The intestine of the solitary form 
(fig. 11) is straight, extending nearly the full length of the animal, 
the anal opening being just back of the ganglion. The intestine 
of the aggregate generation, on the contrary, projects from the 
ventral side of the creature as a large, almost circular loop, (fig. 
12) the anus being only a little to the left of the oesophageal 
mouth. 

The solitary form has eight body muscle bands, according to 
our system of enumeration, while the aggregate generation has 
five on the dorsal and six on the ventral side. The hypophysis 
(hyp.), endostyle (end.), and gill (gi.) present much the same appear- 
ance in both forms. The orifices are also similar except that the. 
solitary form possesses short, tail-like appendages one on each 
side of the atrial orifice. Our records show the maximum length 
of specimens of the solitary generation to be 15 cm. and of the ag- 
gregate 8cm. In both generations the test is thin, soft, and highly 
transparent, without special thickenings. In the aggregate gen- 
eration, projecting from the ventral side, is the broad, thin pedun- 
cle (ped.) by which the zooids are united to form the wheel, and 
within the pharyngeal cavity on the right side, two thirds of the 
way back, is the embryo. In the young solitary individual, the 
eleoblast, near the heart, and the remnant of the placenta, about 
one-third of the way back from the oral orifice, are both opaque, 
nearly spherical bodies and are very prominent. 
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The stolon originates just above the heart and extends straight 
forward along the median line. The zooids, as in other salpa 
chains, are first in single file, but at a certain point, the deploying 
point, shift to double file. The deploying point in this species 
occurs close to the anterior end of the heart, 3 or 4 mm. from the 
root of the stolon. At a point about two-thirds of the way be- 
tween the heart and the branchial orifice, the chain bends down- 
ward and passes to the outside world through an opening in the 
test. Immediately outside the opening, the chain doubles back 
under the parent and turns over so that it appears to be greatly 
twisted at this point. Before the twist, the zooids are arranged in 
two nearly parallel rows along the common stolonic blood vessel. 
After the twist, they are arranged in wheels which are connected 
tangentially and contain six to sixteen zooids each. These wheels 
show a gradual increase in size toward the distal end (fig. 11). 


MEASUREMENTS OF THE ZOOIDS, OF THE WHEELS AND OF A 
PORTION OF THE CHAIN NOT YET TRANSFORMED INTO 
WHEELS 


Serial measurements were made of the zooids of a number of 
chains with and without wheels as well as of the zooids of separate 
wheels. Lengths only were taken. 

The measurements of the wheels were made with dividers 
and the results are given in millimeters. Those of the unbroken 
chains were made with the micrometer eyepiece used in the Zeiss 
binocular microscope. A unit in the tables represents 0.1 mm. of 
actual length. 

The zooids of Chain I were separated from the chain for measure- 
ment, but the others were measured while still on the chain. It 
appeared that the latter is the more accurate method, since separa- 
ting the zooids, besides being a tedious process, is apt to distort and 
mutilate them. In these measurements, the posterior extremity 
was taken at the atrial orifice. The intestine was not included, 
as a slight difference in its inclination would make a difference in 
the apparent length. 

In table 1 are given the lengths of the zooids of the unbroken 
portion of Chains I-VII. Table 2 gives the same data for the 
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TABLE 2 


Length measurements of the zooids of wheels of chains VII and VIII 
Horizontal lines indicate end of wheels. 
Double lines indicate one wheel lost. 
Unit —1 mm. 


NO. | CHAIN VII CHAIN VIII CHAIN VilI—continued CHAIN VIII—continued 
: i 

iL epteetee 7 Sl SW etOe 4 AGE Ly ai reais 132 7 p12e6e a Sie ee 20.5 20.9 
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aye: S46:| “Sia | “7 Alinag e420" | Sisal) iyek aoe | 21.9 | 20.2 
Chae Sool 8 Tiere || TBaae Oe aso") AGA eee | 22.5 | 20.4 
Gentine | Sa) 8281 Meer | 7g. «te. 48, | On 80r a | 21.9 | 20.5 
LOM oes sede SS ameee Ss 22a eta 14,3;|12:8)) 90... | 19.8 | 17.5 
i aera: NeSiai| Sak hoe ay ese ke = IACGH 2-40 One A 21.1 | 20.0 
ize Pree 8.2| 8.8| 8.7| 7.6] 52...... | 15.2] 14.0] 92.....| 22.9 | 21.0 
(Soe, eae: OF5 7007 | 822), Seaoge =, . .. | aa) ees Sees | 24:27) 9389 
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wheel portions of Chains VII and VIII. In all, the unbroken 
portions of seven chains were measured. . The number of zooids 
used depended upon the miminum size measurable. In four cases, 
90 zooids were taken but in the other three chains only 80, 70 and 
52 zooids respectively were large enough to be measured accurately. 
;.. [he measurements of all series are given but only two are plot- 
ted, the right-hand series of Chain II in fig. 1, and the right-hand 
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Fig. 1 Plot of length measurements of the zooids, peduncles, and foot-pieces 
of chain II, right series. Vertical distances represent length. Horizontal dis- 
tances represent position in the chain. 


series of Chain VII in fig. 2. In the latter figure, 1-90 are the 
zooids of the unbroken part of the chain while 91-108 are wheel 
zooids, the divisions between wheels being indicated by vertical 
dotted lines. Table 3 gives the measurements of zooids of several 
short chains of wheels which furnish figures for comparing graphs 
of wheels of various sizes. In each series of results here given 
except length of Chain I, two measurements were taken and these 
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TABLE 3 
Length measurements of zooids of various small groups of wheels. 
Unit—Imm. 
Group A Group B- | Group C Group D 
FOUR WHEELS FOUR WHEELS FOUR WHEELS TWO WHEELS 
R | L R. Lat oy ere | Le | R. L 

ee a ee teaee 10.9 | 10.7 | 19.0 | 18.5 | 16.7 | 20.8 | 27.9 | 27.2 
Dee ee Bele. ok Soe ee rs MET LORS ) LS Aa) ESAS PTS SON eho 20 a amet 
Been Sid Hovnieto ceeeeaminas hex tear cual L220 TPT | 1920 | WOT) AO Le 2h 25) 292 1 S0ae) 
aE NM AED atte Ae ek ED Sie 12.1 | 11.4 | 19.0 | 19.6 | 19.7 | 21.9 | 29.8 | 30.7 
See ON 2 io: SA ee a OR (t2%6)|:13.2:|-20.5 | 20:7 | 204.1226" S01. 3008 
6 13:2) 13.5 | 17-9 | 19-9") 21.6 | 21:9 | 29.3 | 2925 
6 14.7 | 13.6 | 19.6 | 19'8 | 21.1 | 22.0 | 28.9 | 30.7 
Sees Ae SAME Alas OY Rae | 15.3 | 14.5 | 21.1 | 19.9 | 22.3 | 23.4 | 30.9 | 31.8 
9. ae ns ees | AB NG ela 20 SG 20829 2256 2A 2 re sOuS: acne 
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IG es aaa |. RR a *....{ 17.0 | 17.1 | 22.3 | 21.8 | 19.9 | 28.0 

ean SOS 3 en ee eel hsbc 16.9 | 16.7 | 23.3 | 21.8 |-22.3 | 24.0 

ED ae eee as ao V7 | 17:9) 22939) 28-5.) 2420) 240 

LIC ee ee Reais | a NR ER oe ea 18.5 | 18.5 | 24.6 | 24.2 | 25.5 | 25.0 

GENE eS ee cho eae Pea ee 18.1) 16:9 | 2a 243 | 23.5 | 25.2 
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DINE ines Naa Pete catchy REA: | 18.9 | 18.6 | 25.8 | 25.4 | 27.8 | 27.3 
pe eared: bedi eter Ug ut A eal bate rie Lb. LOL Ss eames. | 20-84) 28.0 
DAG Sh eaten seat ene ee ee 24.9 | 25.7 | 23.8 | 28.4 
25 | | 24.5 28.0 
EE ea ds BINGE oe | 25.9 | 
ae | 
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TABLE 3—conTINUED 
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Groupe E Group F Group G Group H 
THREE WHEES.S THREE WHEELS) TWO WHEELS | ONE WHEEL 
R. Tie R. i. | Wo ae Tie 

Seger dce ey Aa aye oscar UN ici aetna | 23.4 | 23.0 | 22.3 | 22.9 | 21.3 | 21.0 | 25.4 | 23.1 
PRE re ere ie es Seren Re chara eee 124.6 | 24.8 | 23.8 | 23.3 | Dimon Oo anon Toes 
su pheSchach Bucs ee Charente ek OFS Ge os Ure ere ote teell| 7a eee yal (ewe | Ib ee a Pars 9) | 21.6 | 22.6 DoLOR|sZonit 
5 Cole aac MC TN ea | 24.7 26.1 || 24.8 | 23.9) | 2223) | 24.2 | 24.9) | 25.1 
fy US ASR ee Oe ae 25.1 | 26.5 | 25.0 | 24.7 | 22.4 | 22.6 | 23.9 | 24.8 
ee ee ee gr 28,0)| 20.3)/ 26-3) 25-1 21.3 | 23.2 | 24.40 
Ag Stee eer eae 24.9 | 24.1 | 24.2 | 25.0 | 22.0 | 25.2 
Heh RE TES. ae a PIS Otero an 26.8 | 26.9 | 24.8 | 24.2 | 22.5 | 25.9 
res hie te ead O 20.2. | 2la2:| 20.ONl oes seen 
SRA eet GEG eS os Sea W2Geonloteo! | 28. | Zola 2am Ome 
We Bia bench mateo 27.7 27.7 | 28.6| 26.0 | 25.7 2am 
Raa ey ith tier Oe REDE Cea | 27.2 | 27.2 | 28.4 | 26.8 | 
oUF Perea ee Org earner aie | 27.4 | 27.5 | 28.4 | 27.9 
ta ea) Reet ey erie PHS} fe) || PAIRS) || PAP? | 22 
eee er a center 2957300 | 260) aaa 
re re ree eps ee 29.7 | 29.8 | 29.9 | 29.2 
Sepa ctnaeeh gael OL Tae 29.2 | 29.2 | 29.8 | 29.8 
OTE Wan Lt ated oaee 27.6 | 30.3 | 29.3 | 29.9 
bo Ne Dt Ae eee | 28.2 | 30.4 | 30.3 | 
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were averaged for the final result. Where the first and second 
measurement differed by more than 10 per cent, a third measure- 
ment was taken and the three figures averaged. 
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Fig. 2. Plot of the length measurements of the zooids of chain VII, right side, 
including wheels. 


TREATMENT OF THE QUANTITATIVE DATA 


At first glance, one sees a resemblance between the curves for 
the wheels of Cyclosalpa affinis and the blocks of Salpa fusiformis- 
runcinata. In both cases, the end zooids are smaller than those 
nearest them, the maximum values lying somewhere between, 
usually nearer the distal end. 
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Fig. 8 Mean curves for wheels of various sizes. Vertical distances represent 
length of zooids. Horizontal distances represent position in the wheel. 
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Some variation in the graphs of wheels of different sizes was 
noted, and to make sure of its general trend, the data for all the 
wheels were considered. The wheels were first grouped accord- 
ing to size, Group A included wheels whose zooids averaged 5-10 
mm. in length; Group B, 10-15 mm.; and so on. In Group A 
were ten wheels. Not only does the number of zooids in a wheel 
vary, but the number in one-half of a wheel is not always the same 
as in the other half. For this reason the ten wheels were re- 
garded as twenty half wheels. 

Among these twenty half wheels of Group A were three contain- 
ing four zooids; one with five zooids; nine with six zooids; and seven 
with seven zooids. The corresponding values of the three four- 
zooid half wheels were averaged, the three first zooids together, 
the three second zooids, the three third, and the three last zooids. 
The result was a typical curve for a four- zooid half-wheel whose 
zooids have an average length of 6-10 mm. The five, six, and 
seven-zooid half-wheels were averaged in the same way. Similar 
computations were made for the other four groups. and the results 
plotted. The graphs were smoothed and those for each size were 
averaged in order to get the typical curve for that size. These 
curves (fig. 3) show that the size differences between the zooids 
of a half-wheel greatly increase as the zooids grow and that the typical 
form already noted becomes increasingly evident. 

Passing now to the unbroken portion of the chain, we find that 
the zooids increase in length very slowly at first and more rapidly 
later; also that though the curve is fairly smooth at first, it be- 
comes quite irregular toward the end. Upon closer examination 
of fig. 2 and the graphs of other chains, we surmise that these 
irregularities are the forerunners of the groups making up the 
wheels; in other words that the periodicity shown so plainly in 
the wheel part of the chain extends back into the unbroken part. 
Were this found to be true, the fact could hardly be ignored in 
considering the problem of the break-up of the chain and the pro- 
duction of wheels. 

In order to test the conjecture more critically we submitted 
the measurements to Mr. George F. McEwen, the mathematical 
expert of the Marine Biological Station of San Diego for examina- 
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tion. Out of this examination has come the graphs shown in figs. 
4, 5, 6, 7, and 8. 

A curve was computed to fit the graph (fig. 2), as nearly as pos- 
sible. From the equation of this smooth curve we get a ‘calcu- 
lated value’ for each zooid; that is the length of each zooid, if the 
series were as smooth as our calculated curve. Wenext subtract 
the observed length of each zooid from the calculated length, and 
get a series of values, some plus and some minus according as the 
irregular graph went below or above the smooth curve. When we 
plot these plus and minus values above and below a horizontal line 
we have the graph fig. 7. It shows that the values follow the 
curve fairly well at first and then vary more and more; in other 
words, that we have a periodic curve of increasing amplitude.’ 


i Mr. McEwen gives the following summary of the method used: The sizes 
for each of the points corresponding to the numbers 45, 50, etc., to 90 were taken 
as the ordinates of a curve whose abscissae were 1, 2, etc., to10. It was assumed 
that the above curve corresponded to an equation of the form 


y=a-+bai+c2? 


and the most probable values of the coefficients a, b, and c were computed accord- 
ing to the method of least squares. By substituting (2x — 8) for az: in the above 
equation, the equation 

y=a+b (2e—8) +c x—8)? 


was obtained in which, if ;/y of the number of the point is substituted, will equal 
the computed value of the corresponding size. (This equation was used to calcu- 
late the corresponding values of y, which were used in connection with the observed 
values for computing the algebraic sum of the residuals and the probable error, 
for the purpose of determining if the equation was a proper expression for 
measured values of y.) 

It was assumed that this equation, determined from the 10 points was very 
nearly the same as if it had been computed from the 45 actual points, and there- 
fore represented the relation between the number and the average size of all the 
points. This assumption was verified in one case by including all the points and 
comparing with the result when only 10 points were used. 

The observed values of y were subtracted from the corresponding computed 
values and these differences were plotted as ordinates against the numbers as abs- 
cissae, thus giving a representation of the deviation of the observed values from 
those given by the equation. These deviations are due to errors in the measure- 
ments, and to the fact that the assumed equation was not a true expression for 
therelation. Asthe error inmeasurement was = 0.1, itis evident that the devia- 
tions are due mainly to the latter fact. 

The periodic character of these curves shows that the true law is a periodic 
fluctuation of increasing amplitude about a mean value increasing in a regular 
manner with the number of the point. 
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Fig. 5 Plot of differences for chain VI, right and left sides. 


CHAIN OF CYCLOSALPA AFFINIS 411 


Chain IV, whose plot of differences is shown in fig. 4, is one of 
the smaller chains and in it one would expect to find the grouping 
less evident than in the larger chains. However it can be plainly 
seen even here. The right and left sides of Chain VI are shown in 
fig.5. With Chains IV and VI, the differences were figured only 
for the zooids 45-90. In figs 6 and 7, the two sides of Chain VII 
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Fig. 6 Plot of differences for chain VII, left side 


are given entire, the curves and the differences being figured 
separately for the two parts of the chain, since it can be fitted 
better when but half is considered at one time. The complete 
series being given, one can more readily see how the amplitude of 
the waves increases toward the end. 

It will be remembered that in computing the differences, the 
observed values were subtracted from the calculated values. 
Hence upward curves in fig. 2 appear as downward curves in fig. 7. 
To make the comparison with the wheel graphs easier the signs 
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were reversed for fig. 8 so that values greater than the correspond- 
ing ones in the fitted curve lie above the x axis while smaller ones 
lie below. Vertical dotted lines have also been drawn to indicate 
a possible grouping of the zooids. Irregularities appear, it is true, 
but since irregularities often appear in the wheels also it is to be 
expected here. Moreover, with such small values the chances 
for error are so great that one would expect considerable variation. 
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What we get then from these plots of differences is the probable 
fact that the unbroken part of the chain really shows a periodicity 
or incipient grouping closely resembling that of the wheeled portion 
of the chain, the groups including four to eight zooids each, which 
is the number found in the completed wheels. 

The plots of differences brought to light an aspect of the matter 
which had not been anticipated, namely, the existence of another 
wave with a longer period, shown in all the curves. The plots in 
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figs. 4 and 5 have been smoothed by averaging for every ninth 
point in order to make this curve more plain. The curves are 
not just the same for the two sides of Chain VI, the difference 
probably being due to a difference in the way in which the com- 
puted curve fits in the two cases. 

With what, if any, other biological phenomena in the species 
this newly discovered periodicity is connected we do not know. 
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15-1 l2-/8 9-24 125-29 J0-37 8-45. 
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46-52. IS- FI. 1600-65, \66-79. ‘71-76. 77-8. 82-86. ‘87-90. 


Fig. 8 Plot of differences for chain VII, right side 
Inverted and possible groups indicated 


Of its existence however, there seems to be no doubt; and it is 
certainly interesting to recognize that we have here an instance, 
by no means uncommon in organic phenomena, of waves, so to 
speak, of one size riding upon those of another size. It is highly 
desirable to take these cases in hand with a view to finding their 
connection with other phenomena. 
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ATTEMPT TO CONNECT THE FORMATION OF WHEELS WITH MOR- 
PHOLOGICAL, PHYSIOLOGICAL, AND MECHANICAL PHENOMENA 
PRESENTED BY THE ANIMALS 


1. Segmentation of stolon and the deploying point 


To find other factors entering into the wheel production, a study 
of the structure of the chain was made. The portion of the chain 
in which the zooids are in single file is of the same general form as 
that of other species. The incipient zooids, marked off by the 
infolding ectoderm, have their aboral ends uppermost, and the 
dorsal side of each against the ventral side of its neighbor, the 
dorsal sides being towards the base of the stolon. The blood sup- 
ply passes out through one-half of the large axial blood vessel and 
back through the other half. The segmentation of the stolon in 
some cases extends to the root of the stolon, in others not quite so 
far. <A possible significance of this variation will be pointed out 
in another connection. Where segmentation extends to the root 
of the stolon, the more proximal segmentation lines are very 
irregular and this fact may be of considerable interest in a way we 
shall not stop to consider here. Judging by some chains, one 
would say that the segmentation begins at the sides of the stolon, 
but others lead us to suppose the beginning is above and below 
(along the genital rod and the neural tube) while in still others 
it seems to be equally advanced in all parts of the circumference. 
The latter condition is probably the usual one. 


2. Position and relation of the zooids in the chain from the 
deploying point to the twist 


a. Shifting of the zooids. What we call the deploying point, is 
the point, or region where the zooids, by moving alternately to 
the right and left shift from single to double file. While the zooid 
is moving out, it also moves upward and begins to turn, so that 
its dorsal side faces out instead of toward the base of the stolon. 
These changes ,take place gradually. The oral ends shove out 
and begin to turn and before the turn is complete, the aboral ends 
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shove out and turn. The sketch of the deploying point will make 
this clearer. Figs. 14, 15 and 16 are dorsal, lateral and ventral, 
views of the deploying point of one chain. These drawings were 
outlined with the aid of the camera and much care was taken to 
make them accurate.’ 

Calling the zooid whose oral end has just begun to shift, no. 1, 
the aboral ends of nos. 8 and 9 (numbering on one side only) are 
beginning to do the same. No. 25 (not shown in the figure) 
seems to have reached the final position with the rearrangement 
of the internal organs complete. We find now that the right 
sides of the right-hand zooids (considering those to be right-hand 
zooids that correspond to the right-hand side of the parent) and 
the left sides of the left-hand zooids are toward the base of the 
stolon. This statement applies to the chain before it emerges 
from the parent. The orientation of the older, extruded part of 
the chain is given later. 

All of the observations on the early growth and differentiation 
of the chain agree with those made by Brooks for C. pinnata with 
the exception of the orientation. Brooks (’93 p. 79) says of the 
single file zooids: 


At this stage each Salpa is bilaterally symmetrical, and its plane of 
symmetry is the same as that of the stolon, while its long axis is at right 
angles to that of the stolon, which becomes converted into a single row 
of Salpae, so placed that the dorsal surfaces of all of them are toward 
the base of the stolon, their ventral surfaces towards its tip, their right 
and left sides on its right and left respectively, their oral ends at its top 
or neural side, and their aboral ends at its bottom or genital side. 


Again in his description of the double row he says: 


The single row of Salpae becomes converted into a double row, which 
consists of a series of right-handed Salpae and aseries of left-handed ones, 
placed with. . . . the left sides of those on the right and the right 
sides of those on left towards the base of the stolon. 


*The loop-like structures seen at the oral extremity of the zooids in figs. 
14 and 15 might easily be mistaken for the intestine. They are not this struc- 
ture, but indicate very nearly where the oral orifice will appear. 
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This, as will be seen by comparing it with our description, is 
the opposite of the condition found in C. affinis, since Brooks places 
the oral ends of the zooids uppermost while we find the aboral 
ends up. This mistake was probably due to lack of sufficient — 
material for the study. He says (p. 87): 


In all my preserved specimens the tip of the stolon had been so much 
flattened by contact with the side of the bottle, in transportation, that 
I have not been able to study in detail the way in which this wheel-like 
arrangement is acquired, and the subject should receive the attention 
of those who are able to study living specimens. 


It is a point upon which one could easily go astray if hampered 
by a lack of material. 

As the changes in internal organization seem to correspond with 
those of C. pinnata, and as Brooks’description is so clear and com- 
plete, we need not go into the subject, but refer to his account 
(Brooks, ’93 pp. 80-106.) 

When the zooid has moved into its secondary position it lies 
upon the stolonic blood vessel rather than to the side or around 
it. With this change, two small vessels develop for each zooid, 
one leading to it from each half of the stolonic vessel (fig. 24, 2bv.). 
The blood flows along one-half of the main vessel (say the upper 
half) out through the upper small vessels to each zooid and returns 
by the way of the lower set of small vessels to the lower half of 
the main vessel where it joins the inflowing current. These cur- 
rents are reversed with the reversal of the blood current in the pa- 
rent. The zooids now increase in size very rapidly, lengthening 
out more above the upper level of the vessel than below it, so that 
at the twist the oral ends extend but a little way below the vessel, 
while the aboral ends extend far above it. Asa result,the aboral 
ends of the zooids of opposite rows come in closer contact than do 
the oral ends. Since the zooids of the two rows are arranged al- 
ternately, each zooid will lie against two of the opposite row. As 
growth continues and the zooids, through their increased size, 
move outward as well as upward, they are forced farther apart, 
but the connection is retained through peduncles which now 
develop. 
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b. The peduncles and foot-preces. These structures play so 
important a réle in the production of the wheels that they must 
be described in some detail. Almost all the figures show the pe- 
duncle in one stage or another. Fig. 12, best gives its relation to 
the full grown zooid, showing that it is a thin flap or sheet extend- 
ing out from the ventral median line. The diagram (fig. 17) 
shows that the peduncles of the series are parallel throughout the 
first part of the chain, and that each by means of its ‘foot-piece’ 
(fp.) is in contact with four others, its two neighbors in each row. 
These foot-pieces are also well shown in the right-hand portion of 
figs. 19 and 22. As the zooids grow and extend out farther from 
the blood vessel, the peduncles lengthen, and the foot-pieces 
grow longer as the zooids grow wider, at least until the region of 
the twist is reached. 

Along with the great increase in the size of the zooids and the 
development of the peduncles comes a change in the circulatory 
system. The two individual blood vessels coalesce to form one 
vessel with two channels (fig. 24, zbv.). The blood current has the 
same course as before except that the incoming and outgoing 
currents of each zodid pass through one vessel. Observation of 
the blood currents in the living animals made the task of working 
out the circulation much easier and more certain than it would 
have been if confined to preserved specimens. The cross section 
(fig. 25) shows well the relation of the zooids to the blood vessel, 
the foot-pieces joining the zooids above the vessel, (fp.) and the 
individual vessels leading from the zooids to the two parts of the 
large vessel (zbv.) 

c. The emergence of the chain to the outside world. Through the 
first part of its course, the chain is enclosed within a definite 
tube in the test just below the endostyle, this tube ending at a 
point just posterior to the placental vessel and anterior to the first 
body muscle band. This first muscle bends posteriorly here so 
that its insertion is along the lower part of the tube opening. 
The placenta usually disappears before the chain reaches this point. 
There seems to be more or less of a cavity left in the test where 
the placenta was, and the chain, as it reaches this point, no longer 
being held in its horizontal position by the tube, following the 


418 W. E. RITTER AND M. E. JOHNSON 


line of least resistance, turns down into the cavity, and by the 
rapid growth of the zooids, soon breaks through the thin wall to 
the outside, the tip bending downward. 

d. The twist in the chain. The general character of this part of 
the chain may be seen from figs. 11 and 18, while the peduncles 
and blood vessels of the region are shown in the diagrams figs. 17 
and 18: Before the twist, we have within the parent, a straight 
double row of zooids with oral ends down. After it, the chain is 
turned back under the parent, and the zooids are again found with 
oralends down. Until the zooids break through the test to the out- 
side the chain has not begun to twist, the zooids still lying symme- 
trically along both sides of the median line. In fig. 13 thirty-six 
zooids are outside and the twist is just complete. The presence 
of two rows of zooids in the chain makes the turn appear more 
complicated thanit reallyis. The chainsimply doubles back under 
and then turns over, this turn being almost invariably to the left. 
This leaves the zooids with aboral ends again uppermost, but the 
row that was before on the left is now on the right side of the 
parent. 

e. Reduction of foot-pieces, first break in the chain,and formation 
of the first wheel. The first visible mtimation of the break-up of 
the chain comes in the peduncles and foot-pieces. The foot- 
pieces (fig. 17) gradually grow longer toward the distal end of the 
chain, coming to their maximum length a little before the end of 
the unbroken part is reached. After the maximum they shrink 
(fig. 22). The decrease is much more rapid than the increase, 
there being only about sixteen to twenty-four zooids in the di- 
minishing series. Fig. 19 shows that the first group consists of 
nine zooids whose peduncles have broken loose from the rest. 
The foot-pieces have shrunk still more and the distal ends of 
the peduncles have been drawn closer together. But while the 
foot-pieces, by which the zooids are held in the axial line of the 
stolon, become successively and rapidly smaller just before the 
beginning of the break in the chain, the zooids themselves are be- 
coming constantly larger. A consequent crowding of the zooids 
results. This brings about a pushing of the bodies of the zooids 
forward in the chain beyond the foot-pieces. The strain to which 
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the series of adhering foot-pieces is thus subjected results inevit- 
ably in a pulling apart of the foot-pieces somewhere. As a matter 
of fact the break produces groups and not single pairs. These 
groups then promptly shape themselves into the wheels. 

3. Comparison of the rate of growth of the chain as a whole with 
the rate of growth of other animals. As a matter somewhat to 
one side of the main problem, we have thought it worth 
while to compare the rate of growth of the chain as a whole with 
what is known of the growth of other organisms. This was done 
by the method employed by Minot (’91) in his study. of the rate 
of growth of guinea pigs; namely, by finding the per cent of increase 
throughout the chain. The values of the corresponding zooids 
of Chains I, II, III, VI, and VII were averaged. (Chains IV 
and V being so much shorter were omitted.) The per cent of gain 
of the second over the first, third over the second, etc., was then 
computed and the values plotted. The result is a very ragged 
line showing a gradual increase through two-thirds of its length 
and a more sudden drop at the end. To get a graph whose course 
was more evident, the increment was computed again, this time 
taking the series in groups of five. The first value here is the 
per cent of increment of the second five over the first five, ete. 
(table 4, fig. 9). The gradual increase, maximum toward the 
end, and rapid decline is here plainly shown in spite of the limited 
data. 

This result seems strikingly different from that for the guinea 
pig and other animals of higher order, where the per cent of in- 
crement is a diminishing one from birth on. The difference may, 
however, be more apparent than real since, to make the compari- 
son more correct, it would seem that stages in the mammalian 
development preceding birth would have to be used. 

The drop in rate of increase, when the wheel part of the chain is 
reached, may be significant for the comparison, but we do not 
consider our observations carried far enough into the life of the 
chain as a whole to warrant any speculation based upon them. 
A study of the growth of still younger and still older, larger zooids 
will have to be made to meet the requirements here. 
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DISCUSSION OF THE OBSERVATIONS FROM THE CAUSAL STAND- 
POINT 


1. Cause of the twist 


Although salpae do not move through the water very rapidly, 
still there is enough motion to make the end of the chain double 
back under the parent, as soon as it projects into the water. The 
reason for its turning over is less evident. The zooids begin to 
pulsatesome time before the twist is reached and, having been with 
aboral extremities uppermost in the original or normal position, 
we may suppose they tend to assume the same position again when 
the normal state of things is interfered with by the bending 
back of the chain. Observation of the living animals shows that 
the chains of wheels and the separate wheels (at least the smaller 
ones) usually move along with aboral extremities uppermost. 

It is easier to say that zooids ‘tend to assume the normal posi- 
tion’ than to show the cause of this tendency. It may be that the 
specific gravity of the oral ends is greater, or that the pulsation 
may have something to do with it, or there may be some tropism 
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Per cent of increment throughout the chains 
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involved; but we have no observations under this head. As the 
chain lies, with aboral ends of the zooids uppermost, the propul- 
sion of the zooids drives them away from the ventral side of the 
parent, while if they were with oral ends up the pulsations would 
drive the oral ends up against the ventral side of the parent. In 
one specimen in which the. chain had not yet emerged, the end of 
the chain was turning to get around the placental blood vessel. 
Had our observations been limited to this one instance, we might 
conclude that the twist is initiated in this way. But after look- 
ing over a large amount of material and finding that the placenta 
usually disappears before the chain reaches that point, it is evi- 
dent that this in no way accounts for the twist. 


2. Unequal growth of zooids and foot-preces as a factor in the 
breaking up of the chain 


We seem to have found a cause sufficient for the present re- 
search, for the break, 7n some way, of the chain of zooids. This is, 
as already pointed out, the unequal growth of the bodies and foot- 
pieces of the zooids. The first question that arises when we 
attempt to push the analysis farther is, why is the break into groups 
rather than into single pairs of zooids? Nothing in the differen- 
tial growth recognized appears to bear upon this question. So 
far as that is concerned we should suppose the zooids would be 
picked off one by one, or at most in single pairs. 

Just how constant these groups are, may be seen from the fre- 
quency polygon (fig. 10). We see that of ninety-two half wheels 
seventy-three contained six or seven zooids each, while only two 
contained eight, and five contained four zooids. This constancy 
is to be expected when we regard the breaking apart as a growth 
phenomenon depending upon constant causes rather than upon 
chance. 

In some way the wheel phenomenon is clearly dependent to a 
large extent on the strength of the adherence among the foot- 
pieces, which are but parts of the central ends of the peduncles. 
As may be seen by fig. 18, the radial blood vessels, the other 
main connection of the zooids, break apart early in the life of the 
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Fig. 10 Frequency polygon showing the number of zooids in the wheels 


No. of zoo/ds... Half Wheel. Whole Wheel, 


wheel, so that in the fully grown wheels the zooids are held together 
almost entirely by the peduncles. The observed facts certainly 
suggest group adherence among the foot-pieces themselves. Can 
direct evidence of any such thing be obtained? 

Having proved the existence of a pronounced size grouping of 
the zooids in the wheels it naturally occurred to us that there may 
be something of the same sort in the peduncles and foot-pieces. 
We consequently made a considerable number of measurements 
on these structures. Some of the numbers are given in table 5, and 
in fig. 1; the graphs of peduncle lengths (dotted line) and foot- 
piece lengths (lower continuous line) are presented. It is doubt- 
ful if these show anything. We have not assumed that they do. 
The difficulties in the way of making the measurements are too 
great for the methods employed. It should, however, be borne 
distinctly in mind that these negative results prove no more than 
the insufficiency of the measurements. The fact that the foot- 
pieces do cling to one another in groups, and that the zooids to 
to which they belong are demonstrably different in size, appears 
to make it probable, a priori, that the adhesive power of the foot- 
pieces is of the gradational, or periodic sort, in spite of our failure 
to find it. The suggestion is that the graded size of the zooids 
is reflected in the adhesive power of the foot-pieces. Could this 
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conjecture be proved true, an exceedingly important biological 
point would have been made. 

And now as to the evidence that a periodicity corresponding 
to the future wheels does exist in the chain before its break-up. 
In discussing the results of our treatment of the data pertaining 
to the unbroken part of the chain, we said the curves, as shown in 
fig. 2, for example, ‘probably’ show a periodicity. We permitted 
ourselves to doubt to this extent, in the interest of conservatism. 
We wish now to sum up the evidence for periodicity. Its strength 
lies in the fact that it is cumulative rather than in the sufficiency 
of any one piece. 

In the first place, does not the undoubted fact of periodicity in 
the wheels themselves, and the groups that immediately precede 
them, make the presence of periodicity in the rest of the unbroken 
part of the chain probable a priort? It would seem so. In the 
second place mathematical treatment of the quantitative data 
makes it almost certain that a periodicity corresponding to 
theory actually does exist. Third and finally the probable exten- 
sion of the periods far back into the young part of the chain, leads 
us to suspect that this fact is connected with another observation 
of quite a different order, an observation, that is, which strongly . 
indicates that the periodicity is really established at least as early 
as the segmentation of the stolon itself. 

One of us has shown that in Salpa fusiformis-runcinata the very 
early segmented part of the stolon may be interrupted by an unseg- 
mented part (Johnson, 710, p. 154 and fig. 8). While such inter- 
ruptions have not been observed in Cyclosalpa affinis attention 
was called, when speaking of the first stages in the segmentation 
of the stolon, to the fact that in some cases the segmentation 
reaches to the very root of the stolon, while in others a stretch of 
unsegmented stolon exists. May not this difference indicate a 
periodicity in the segmentation corresponding to the periodicity 
in growth that we have found? 

The reader may think that the grouping, as shown in the plots 
of differences, is too variable and indefinite to warrant the con- 
clusions we have drawn. True, the groups here are not as regular 
as the wheel graphs shown at the end of the curve (fig. 2), but though 
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the small groups appear to be more irregular on account of their 
riding on the secondary waves, they are of the same sort. It 
must be remembered, too, that the values are very small and 
the chances of error are large. In fact, such a uniformity of re- 
sult throughout all the graphs examined, in spite of small values 
and difficulty of measurement, is very convincing. 

The transformation of the groups of zooids into wheels is easily 
understood: The moment the break occurs so that the pressure of 
the zooids upon one another in the group canexertitseffect back- 
ward as well as forward, the hindmost pair swings in toward the 
axial line, each of the other pairs up to the transverse middle line 
of the group following in its proportional amount. Since by this 
time the foot-pieces have wholly or almost wholly disappeared and 
the central ends of the peduncles have become closely appressed, 
the swing of the zooids disposes the peduncles in the form of the 
spokes of a wheel, the hub being represented by a small elliptical 
space. The course of things here described is illustrated in fig. 17. 
That the pressure tending to force the mid-zooids of the groups 
outward is considerable is obvious from the zig-zag form into which 
the axial vessel is thrown, due to the pull on the radial vessels, 
as seen in the second group of fig. 18. The disappearance of the 
axial vessel in the older wheels may be supposed to be partly due 
to the same cause, although probably the vessel is actually 
in course of degeneration. 


3. Impossibility that the character of the blood supply to the zooids 
can be the cause of the size schemes within the wheels 


No study involving the growth of the zooids could be complete 
without attention having been given to so fundamental a matter 
as that of the blood supply. For example, the question naturally 
arises, does not the break-up of the chain into groups so affect 
the common blood vessel of the stolon that the zooids do not 
share alike in nutriment received, and is not this inequality respon- 
sible for the disparity in size among the zooids? 

The changes in the circulatory system are best shown by the 
diagram fig. 18. At the end of the continuous part of the chain, 
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the individual blood vessels are arranged at regular intervals along 
the large vessel. The arrangement is the same for the first wheel, 
but with the second or third wheel the axial vessel begins to shrink. 
As the vessel remains in connection with the individual lateral 
vessels, while growing smaller, it comes to have a zig-zag course, 
due to the opposite but alternate pulls upon it by the growing zo- 
oids. The shrinkage of the vessels goes on so rapidly and to such 
an extent that in the next wheel the vascular connection between 
the central zooids is lost. The portion of the main vessel which 
joins two wheels together persists for some time. In fact this and 
the transparent cellulose envelope which forms around the wheels, 
filling in the spaces between the zooids, are all that hold the chains 
together and very long chains of wheels aresometimesfound. The 
small remnants of the individual vessels gradually disappear. 
Though these vessels end blindly, the blood may still be seen in 
them forsome time, flowing out one side and back theother. After 
the disappearance of the main vessel at the center of the wheels, 
short circuits are maintained between the zooids connected at 
any point. Thus in fig. 18, zooids 1, 2, 12, 6', and 7! have a circuit 
of theirown. Thus it would seem that if any of the zooids of the 
wheels have an advantage over others the end ones would be fa- 
vored as against the middle ones, but the middle ones are on the 
whole larger. Hence inequality in blood, supply seems to be 
excluded from being a determining factor in the size relations 
observed. 

If there be any communication between the zooids of the un- 
broken chain or of the wheels, other than by the circulatory sys- 
tem just described, it must be through the peduncles. The ves- 
sels in the peduncles are irregularly arranged but they are dis- 
tinctly larger toward the edges and reach part way into some of 
of the papillae. They are easily followed in the living specimens. 
To test the question of blood communication between zooids, 
injections were made. Methylene blue in sea water was used, 
which could plainly be seen in the transparent peduncles and in 
the bodies of the salpae. The first attempt was on two wheels 
whose stage of development was the same as the third and fourth 
in fig. 18. The needle was inserted in the stolonic vessel half way 
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between the two wheels. The color shot out through the small 
vessels to the peduncles of the zooids still remaining in contact. 
It went throughout the vessels of the peduncles of the zooids but 
stopped cleanly at the edge of the peduncle. No zooids whose 
connection with the main vessel had been lost showed any touch 
of the color. However, the wheel was again examined about fif- 
teen minutes later. The stained zooids had died and dropped 
away from the wheel, the peduncle dropping away with the zooid. 
A slight stain was found around the papillae of the peduncles of 
one or two of the other zooids where they had come in contact 
with the stained ones. We conclude that there is no direct vascu- 
lar connection here but that there is possibly some interchange by 
absorption through the thin ectoderm. Another injection was 
made in the peduncle of one of the zooids in a wheel. ‘The color 
flowed throughout the peduncle and into the zooid but did not 
enter other zooids of the wheel. We therefore seem driven to con- 
clude that the blood supply is not a factor in the size differentiation 
of the zoords of a wheel. 


4. Unltkelthood that the wheel arrangement of the zoorids in Cyclo- 
salpa has, as believed by Brooks, anything to do with the 
position of the four first blastozooids of Pyrosoma 


Brooks was firmly convinced that the radial, or wheel arrange- 
ment of the asexually produced zooids in Cyclosalpa is homolo- 
gous with the radial disposition of the first four blastozooids 
of Pyrosoma. This he regarded as one of the strongest evidences 
of the close relationship between the two genera. Thus he says 
(Brooks 793, p. 133): 


The opinion that Salpa and Pyrosoma are closely related does not 
however, rest upon superficial resemblances, but upon their fundamental 
identity of structure, although one of the details, the resemblance in their 
asexual multiplication, is so complete as to be almost enough in itself 
to establish their affinity. 


The same view he expresses with only a little less assurance in 
several other connections. We had no thought, in entering upon 
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the present study, of considering this point,nor do we propose 
now to go into it extensively. However, our results on the growth 
and mechanical factors involved in producing the wheels of Cy- 
closalpa seem to have so much bearing on the question, that we 
can hardly pass it by without notice. The resemblance between 
such a figure of the Cyclosalpa wheel as, for example, that given 
by Brooks (93, pl. 1, fig. 2), and reproduced by Delage and Hé- 
rouard (p. 203, fig. 151) and a figure of an early Pyrosoma colony 
like 15, (pl. 31), by Huxley (’59) is considerable and not unnaturally 
suggests true heredity kinship. The moment, however, one comes 
to look into the details of how each group comes about ontoge- 
netically rather than phylogenetically, he finds them so different 
that his imagination is balked at an attempt to interpret them 
as both referable to a common hereditary operation. In the first 
place Brooks seems never to have observed the fact that the 
Cyclosalpa wheel is at the outset bilateral. None of his published 
figures give any intimation of this, nor does he refer to it in his text. 
For instance, the two figures, 8 and 9, pl. 2, of his latest publica- 
tion (Brooks, ’08) represent wheels of C. floridana, and C. pinnata 
as though they were perfect—as though the zooids were disposed 
in exactly the same way throughout the circuit. We would not, of 
course, assert that he did not draw just what he saw in these 
two instances, especially since we have had no chance to examine 
the wheels of C. floridana, and have seen but a single one of C. 
pinnata. In the one specimen of C. pinnata which we have, 
attentive study finds that two zooids on opposite sides of the cir- 
cuit have slightly different positions from the others. These 
probably indicate where the axis of the chain lay; but the de- 
parture from perfect regularity is so slight and of such a char- 
acter that it might be easily overlooked had one not discovered, 
by studying the formation of the wheels, what their real nature 
is. In C. affinis the bilaterality of the wheels is probably never 
wholly obliterated. 

The first four ascidiozooids in Pyrosoma, on the contrary, 
stand in single file as do the Salpa zooids before the deploying 
point is reached and the radial order is taken on by the swinging 
around of the file so that number four comes to be adjacent to 
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number one. Further there is no opportunity in the Pyrosoma 
group for the differential mechanical action caused in Cyclosalpa 
by the growth and crowding of the zooids while the foot-pieces 
diminish in size. Neither is it possible seemingly, for the periodic 
phenomenon to play any such part in the arrangement ofthe 
Pyrosoma zooids as it appears to in Cyclosalpa. 


THE LARGER SIGNIFICANCE OF SUCH STUDIES 


1. Supplementing biological with quantitative observations 


We venture to call attention to the way in which morphological 
and physiological observations and considerations join hands 
with quantitative observations in this research. Numerous 
structural details in the adult individuals of both sexual and 
asexual generations, in the chain of zooids as a whole, in the in- 
dividual wheels and the individual zooids composing the wheels, 
and in the unbroken part of the chain both as a whole and as to 
its individual elements had to be attended to. On the functional 
side not only growth in several of its aspects, but the mode of 
swimming, certain facts pertaining to the circulation of the blood, 
and some points about nutrition have come in for consideration. 

All this sort of thing is so familiar to modern biologists as to 
need no special mention. Not so with what we have done in a 
quantitative way. It seems to us that in this we have entered 
a region of research that biologists will be compelled to regard 
vastly more seriously in the future than they have in the past or 
do now. The case in hand furnishes a rather striking illustra- 
tion of what the quantitative method can do. It can enable us 
to see facts we cannot see otherwise. It amounts to a great 
increase in the power of our eyes just as does the microscope. 
This statement is to be taken literally, not figuratively. One 
may easily imagine a magnifying instrument that would so en- 
large the wheels as to make visible the size differences between the 
zooids. It would seem that this is what the application of math- 
ematics in physical science very frequently does. We should 
never have suspected from ordinary examination size differences 
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of a systematic character among the zooids of the chains. It 
was only from certain biological considerations combined with 
aid from this instrument, that the existence of the system was 
made certain. And it should be specially noted how our results 
would have been affected by failure to recognize this fact. The 
breaking up of the chain 7n some way, and the production of wheels 
from the breaking, could have been inferred from the unequal 
growth of the bodies and foot-pieces of the zooids; but why the 
breaking should be into groups rather than into single pairs would 
have remained with no definite answer but for the discovery of 
the periodicity in growth in the unbroken as well as in the broken 
part of the chain. 


2. Natural periodicity in organisms and exacter methods of 
research 


But promptly comes the question from some of the foremost 
biologists, What of it? What particular good is there in knowing 
that growth is periodic so long as we have no explanation of why 
it is so? Our real interest, they say, is in the causes not the mere 
facts of organic phenomena. ‘This objection displays, in our opin- 
ion, one of the most pervasive and fundamental weaknesses in the 
biological philosophy of the day. Looked at critically, it is found 
to mean that facts of nature, in order to be interesting and 
deemed really worth while, must be prejudged; that an explanation 
of them must be ready at hand before they are observed in order 
that they may be attractive. The issue must be looked squarely in 
the face. It is in fact the old, old issue between the inductive 
and the deductive methods of interpreting nature; between ob- 
servation and reason going hand in hand, and the power of reason 
alone; between the a posteriori and a priory modes of reasoning. 
The objection carries the implication that great numbers of facts 
of nature can be explained without having been themselves ex- 
amined; that the unobserved causes of many observable effects 
may be sufficiently inferred from observations on other effects 
than the particular ones under consideration. In a word the 
meaning is implied if not expressed, that some time nature may 
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be fully known without having been fully studied. This concep- 
tion of nature and the knowledge of nature is always and every- 
where the begetter of dogmatic assertion on the part of leaders, 
of subserviency to authority on the part of followers, and of idol- 
atry to certain facts and neglect of others by everybody. This 
is not the place to go into the logic, or rather, the epistemology, 
of biology. The case under treatment does, however, justify us in 
a few observations and reflections on procedure in research. 

Why is it that the biological sciences are designated as obser- 
vational and descriptive, to distinguish them from the physical 
sciences which are called quantitative and exact? Surely no 
present-day student of nature would contend that living objects 
are qualitative alone and so must be dealt with in terms of quality, 
while non-living objects are quantitative and are to be dealt 
with in terms of quantity! There is surely no structural part or 
activity of any organism that does not exist in some quantity 
or other, and hence is not susceptible of being measured in some 
way. Contrarywise, there is surely no inorganic body or sub- 
stance that has not qualities of some sort by which it is described 
and defined. Yet why is it that in spite of the brave effort made 
by a few distinguished men of science during the last half century 
to introduce conceptions of quantity and the methods of mathe- 
matics into biology, these efforts have met with only limited 
success at best, and are ignored in practice and frowned upon in 
theory by many of the foremost bilogists? Only a few months 
ago a distinguished investigator declared in the presence of the 
senior author of this paper that the quantitative method in biol- 
ogy is dead, and this student suiting practice to theory, though 
working in fields where quantitative conceptions and exact de- 
terminations are particularly important, rarely attempts to meas- 
ure in any rigorous way the biological phenomena with which 
he deals. Attention cannot be called too strongly to the extent 
to which much of what is esteemed the very highest type of recent 
biological work has laid stress on accurate quantitative determi- 
nation of certain environmental factors of organisms, but has 
ignored almost wholly quantitative determinations of the vital 
phenomena themselves. There can be no question about the 
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importance of exactness in the determination of external factors. 
So far these methods are admirable; but, it appears to us, it 
must be recognized that when exactness has gone thus far it has 
gone at best not more than half the way. Nothing less than equal 
exactness all along the line will do to fulfil the highest demands 
of physical science. 

Let one recall the degree of refinement with which physicists 
and chemists are measuring the phenomena with which they deal: 
the wave lengths and angles of refraction of light; the quantity 
of heat generated in chemical reactions; diffusion rates of gases 
and liquids; atomic weights and combining ratios, and innumer- 
able other things. Then let him compare these with the ridicu- 
lously crude quantitative determinations made in nearly all 
departments of biology. A few aspects of physiology, as for 
instance, the temperature of the human body; and a number of 
phases of the psychology of higher animals—reaction times, for 
example—have been brought under mensurational treatment 
comparable with the standards of exactness long demanded in 
physics. But the vast fields of morphology, of general physiol- 
ogy, of individual and race growth and decline, of propagation, 
of variation, of automatic and responsive action, etc., have hardly 
been touched quantitatively as physics and chemistry would 
understand this term. As yet we in biology have hardly heard 
of anything corresponding to physical constants, units of measure- 
ment, coefficients of change, etc. Yet will any one, fully alive 
to the spirit of modern physical science, venture to maintain 
that inorganic phenomena are so utterly different from organic, 
that conceptions and practices so enormously fruitful in the one 
realm are wholly inapplicable in the other? 

It is a significant fact that many biologists, the most ardent 
in defence of the so-called mechanistic or materialistic view of 
living things, are farthest away from, even most hostile to, the 
very methods for biology proper that have so largely made the 
physical sciences what they are. One looks in vain through num- 
bers of technical writings by biologists of this school for anything 
like exact, comprehensive accounts, either qualitative or quan- 
titative of organsims or parts of organisms, or even functions 
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of organisms, dealt with. Yet how these writings bristle with 
such expressions as ‘differs considerably,’ ‘constant results.’ 
‘as a rule,’ ‘very similar,’ ‘normal segmentation,’ ‘normal nuclear 
spindle,’ ‘normal blastulae,’ ‘normal animal,’ ‘practically iden- 
tical,’ ‘essential features,’ ‘increases in exact proportion,’ and so 
on! 

Two rejoinders are frequently made to this demand for carry- 
ing more exact methods into biology. One is on the purely theo- 
retical ground that it is not necessary; that ‘mere quantity’ is of 
no great moment in life phenomena; that slight differences are 
of the purely ‘fluctuating’ or individual sort, so have no large 
significance. ‘To answer this objection in full would take us much 
farther into philosophical discussion than we can go here, but it 
may be the more warrantably passed by because the attitude of 
mind that makes it is seen to be obviously hostile to the whole 
trend and spirit of physical science. If the history of progress 
in science can be relied upon to furnish any clue as to how progress 
is to be continued in the future, the man of science, who holds a 
general view of nature that makes many facts insignificant and 
negligible, is bound to come to grief sooner or later. 

The other objection is more practically justifiable. It is that 
the phenomena of living beings are so complex and subtle, 
and that animals, especially, are so sensitive to changes in exter- 
nal conditions as to make it impossible to apply to them in more 
than a very limited way, the exacter methods of the physical 
laboratory. Our answer to this is two-fold. In the first place, 
we are persuaded that exact methods could be applied far more 
widely than they are, and they undoubtedly would be, did our 
general conceptions call for such applications. The other an- 
swer is that if it be true, as it well may be, that many life processes 
are too subtle and involved to submit to measurement on an 
exact and large scale, then the only course open for the inter- 
pretation of such processes is to introduce no considerations that 
envolve the conception of accurately measured quantity. The ex- 
tent to which this principle, seemingly so obvious and unes- 
capable, -has been violated in much biological theory during 
the last quarter century or more, is seen to be remarkable once 
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one comes to think about the matter. For example, reflect on 
the extent to which theories of development and heredity have 
made use of the notion of equation and reduction nuclear divi- 
sions of the germ cells; yet who has determined in any rigid quan- 
titative way the elements that enter into the hypothetical equali- 
ties and inequalities? How familiar is the textbook statement 
that the chromatin of the male fertilization nucleus is ‘exactly 
equal’ to that of the female nucleus with which it fuses! But on 
what sort of determinations does this assertion rest? On scarcely 
another thread of evidence than that they ‘look equal!’ And here 
we come upon the almost incredible naiveté with which biologists 
in most things eminently sound, have gone down before this fal- 
lacy! Only a short time ago while discussing this point with a 
number of biologists, one of them, a man of excellent standing and 
great carefulness in nearly all scientific matters, replied to my 
strictures, ‘‘if chromosomes look equal why are they not equal?’’. 
The words were hardly off the man’s tongue when he saw what 
a remarkable statement he had made. The incident illustrates 
the straits to which one may blindly go in following a theory. 

We conclude this topic with a quotation from John Tyndall. 
In his well-known address on the “‘Scientific Use of the Imagi- 
nation,” he says: 


Let me say here that many of our physiological observers appear to 
form a very inadequate estimate of the distance which separates the 
microscopic from the molecular limit, and that, as a consequence, they 
sometimes employ a phraseology calculated to mislead. When, for 
example, the contents of a cell are described as perfectly homogeneous 
or as absolutely structureless, because the microscope fails to discover 
any structure; or when two structures are pronounced to be without dif- 
ference, because the microscope can discover none, then, I think the mi- 
croscope begins to play a mischievous part. 


In view of the vast amount of evidence now before us from so 
many aspects of biology, that vital processes are periodic in their 
most fundamental manifestations, it appears unwarrantable to 
assume without proof that any whatever are not so.- But see 
what periodicity means; it means that the phenomena are increas- 
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ing and decreasing; that they have phases; that the time element 
being considered, they change in value from moment to moment. 
How then can we treat any particular phase, or stage of such phe- 
nomena so as to meet the demands of rigorous science without 
considering each phase in relation to the other phases? So far 
as they are treated without such reference the procedure would 
seem to be of the nature of ‘random observations’—of the ‘grab- 
sample’ kind—that always, whether in common life, business, or 
science finally proves to be inadequate if not disastrous. Astron- 
omy, physics, chemistry, and in general geology, have passed quite 
out of this portion of their careers. 

Taking it as established that biology is allied in essential nature 
with these older, less complex sciences, does it not seem inevit- 
able that it too must move on and leave its cruder, haphazard 
methods behind? Does it not look as though this very fact of 
periodicity, this gradual come-and-go of things in the operations 
of organisms is to be one of the chief if not the chief way out? 
To press the inquiry a little closer, does it not look as though the 
wide prevalence of repetitive parts in reproduction and growth, 
which though like one another still differ from one another by 
some regular quantity, is to be one of the most important, though 
only one, of these exits? 

It appears to us that cell division, for example, including the 
division of all cell parts subject to this process will have to be 
looked at sooner or later from this standpoint. Take the Fora- 
minifera, for instance, unicellular organisms (according to the 
current interpretation) the bodies of great numbers of which be- 
come divided into many sections called nodes and chambers. 
In the great majority of species, as a glance at figures enables one 
to see, these divisions fall into quantitatively differentiated series. 
To make the point more cogent we introduce figures of two species 
Reophax membranaceus Brady (fig. 21) and Peneroplis arietinus, 
Batsch. sp. (fig. 20). Now let one compare these organisms with 
the salpa chain, the one, for example, represented in fig. 18, and 
catechise himself something like this: surely there is some resem- 
blance between these objects. Both are composed of a considerable 
number of sections rather regular in form and much like one an- 
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other, though obviously differing from one another in size. Both 
objects are living, and both have come to be what we see them by 
a process of organic growth. Can we properly ignore these sim- 
ilarities in our efforts to interpret the organism, because on the 
whole the differences between them are more numerous and con- 
spicuous than are the resemblances? Is it not at least possible 
that by turning to these few correspondences seriously they may 
serve as the starting point for the discovery of still others, and 
finally result in the detection of laws of organic growth and func- 
tioning that would greatly broaden our conceptions of, and hold 
upon, life phenomena? 

One reason for selecting the Foraminifera as a group with which 
to make the comparison is the fact that the comparison of these 
organsims with higher ones in somewhat the same way has been 
made by several other zoologists. For instance, Schaudin (’95) 
speaks of the production and breaking off of parts in Calcituba 
polymorpha Roboz. as having ‘‘eine gewisse Ahnlichkeit mit der 
Strobilation.”’ 

But the most interesting comparison from our standpoint, of 
Foraminifera with other organisms was made by L. F. de Pourtales 
in 1850. At the meeting that year of the American Association 
for the Advancement of Science Professor L. Agassiz presented a 
short communication from this young zoologist in which Agassiz 
said: 


Mr. Pourtales has, for the first time, pointed out a direct, well sustained 
analogy, which is to be found in the order of succession of the cells in for- 
aminiferae of the genera Textularia, Candima, Biloculina, Triloculina, 
and Quinqueloculina. This succession agrees fully with the succession 
of leaves in plants—so fully that it can be expressed by the same frac- 
tions with which botanists are now in the habit of expressing phyllotaxis 
in the vegetable kingdom. This is, therefore, an important additional 
link in the investigation of the plan which regulates the normal position 
of parts in organized beings—a link which may lead to include into one 
universal formula the rhythmic movements which preside over the de- 
velopment of all finite beings. (Pourtales, 750, p. 89.) 


This communication appealed strongly to at least one of those 
who heard it. At the next meeting of the association the presi- 
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dent, Professor A. D. Bache, said in what we should now call his 
presidential address: 


The germ of two most important discoveries in natural history was 
contained in papers by two of our youngest members. [The first is 
omitted as not relevant.] Thecontents of the other were thus expressed: 
‘The order of succession of parts in foraminiferae is identical with the 
successive development of leaves in plants, and can be expressed by the 
same formulae.’ Such discoveries, just warm from the study, it may be, 
as in these cases, forced to light by the occasion of our meetings, are 
among our greatest triumphs in the way of advancement. (Proc., vol. 
4, p. 159.) ; 


We find no evidence that these ideas of Pourtales have been 
carried farther either by him or by any one else, though our ex- 
amination of the literature with reference to the point has 
been far from exhaustive. D’Orbigny, twenty-five years before, 
had done much work on the fundamental types of growth in 
the foraminiferae, though we find no reference to his having com- 
pared the arrangements here found, with phyllotaxy in plants. 

Our object in calling attention to this matter is, in the first 
place, to show that we are not quite alone in thinking such com- 
parisons are profitable; and in the second place, to call attention 
to the possibility that exact studies in the quantitative relation- 
ship existing among the members of a repetitive series as well as 
upon the ordinal arrangement of these members, may be profit- 
able. But should it be found that such studies are significant 
when prosecuted on unicellular organisms in which the segmen- 
tation does not go to complete severance of the pieces, it would 
seem to follow that they should also be significant when made on 
species in which the severance is complete, and then to all cell 
division whatever. 

This, of course, brings us immediately to the cyclical phenomena 
in the propagation of the Infusoria that has received so much 
attention in recent years, particularly at the hands of Maupas, 
Calkins, Jennings, Woodruff, and others. Concerning these 
researches we do no more now than remark that if the general 
conceptions on which we are going are sound, the phenomena of 
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protozoon division, and of all cell division will have to be 
examined much more systematically and vastly more exactly, 
quantitatively, than they yet have been. 


3. The inadequacy of treating periodicity generally, as an 
aspect of fluctuating variation 


Here seems to be the place to point out how much more ob- 
jective, more workable, more important ‘periodicity’ is in our 
conception than it is as usually conceived by biologists. 

We compare our ideas on the subject with those held by only 
one other investigator. Hugo de Vries has dealt with certain 
aspects of periodicity exhibited by plants, quite at length and in 
several of his works. He states the general facts with clearness. 
(De Vries, ’05, p. 721): 


This law of periodicity involves the general principle that every axis, 
as a rule, increases in strength when growing, but sooner or later reaches 
a maximum and may afterwards decrease. This periodic augmentation 
and declination is often boldly manifest, though in other cases it may be 
hidden by the effect of alternate influences. Pinnate leaves generally, 
have their lower blades smaller than their upper ones, the tallest being 
seen sometimes near the apex and sometimes at a distance from it. 


There can be no doubt that the phenomena we are dealing with 
in Salpa and calling periodicity resemble closely those in plants 
thus described. The question, are they ‘exactly the same’ phe- 
nomena, we do not raise. Rather, we ask, in view of the close- 
ness of resemblance ought they or ought they not to be looked at 
from much the same standpoint? The truth is de Vries has 
regarded the phenomena in plants very differently from what we 
have in Salpa, and his standpoint is surely inadequate for the 
facts we are dealing with. ‘‘This dependency on local nutrition,” 
says de Vries, ‘“‘leads to the general law of periodicity, which, 
broadly speaking, governs the occurrence of the fluctuating devia- 
tions of the organs” (p. 721). Again (de Vries, ’01, vol. 1, p. 638) 
under the section, ‘‘ Die Periodicitit semilatenter Eigenschaften,’’ 
we read: 
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Ueber die gréssere oder geringere Haufigkeit des Sichtbarwerdens 
semilatenter Eigenschaften entscheidet nicht nur die augenblickliche 
Lebenslage, d.h. die dusseren Einfliisse wahrend der empfindlichen 
Periode der Entwickelung. Fast ebenso gross ist die Bedeutung der 
individuellen Kraft des Jungen Pflanzentheiles, diese aber ist das Ergeb- 
niss der Wirkung der dusseren Factoren in den vorhergehenden Zeit- 
abschnitten, theils nach Wochen und Monaten, theils nach Jahren 
gerechnet. . . . Diese Erscheinung tritt am deutlichsten zu Tage 
in der Periodicitéit der Anomalien auf der Pflanze. 


Again, pushing the matter a step farther, and in a somewhat 
different direction: 


From a broad point of view, fluctuating variability falls under two 
heads. They obey quite the same laws and are therefore easily con- 
fused, but with respect to questions of heredity they should be carefully 
separated. They are designated by the terms individual, and partial 
fluctuation. Individual variability indicates the differences between 
individuals, while partial variability is limited to the deviations shown by 
the parts of one organism from the average stature.” (’05, p. 717). 

The individual differences seem to be due, at least in a very 
great measure, to such apparent trifles. (As differences in soil, moisture, 
light, etc.). Onthe other hand partial differences are often manifestly 
due to similar causes. . . . The development of the leaves is depend- 
ent on their position, whether inserted on strong or weak branches, ex- 
posed to more or less light, or nourished by strong or weak roots (p. 721). 
Then follows the quotation already given, viz., ““This dependency upon 
local nutrition, ete.” 


De Vries’ standpoint seems clear: Periodicity in plants is a 
special form of the more general phenomenon of fluctuating varia- 
tion which in turn is due to ‘dusseren Factoren.’ The quanti- 
tative differences that manifest themselves in the periods may 
be lumped together and treated according to the law of probabil- 
ity as first applied to organic beings by Quetelet. After illustra- 
ting the application of the method of statistics, the author says: 
“Tt should be repeated once more that the empirical result is 


3 It would be very interesting to have deVries follow up this point critically and 
impartially. 
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quite the same for individual, and for partial fluctuations’ (p. 
732). And: ‘In the present state of our knowledge the fluctu- 
ation-curves do not contribute in any large measure to an eluci- 
dation of the causes.”’ (p. 734.) 

And so we come to the real issue. Certainly, as de Vries says, 
the differences called partial may be treated en masse, so to speak. 
For example, we might pick to pieces ten wheels of the same di- 
mensions of the Cyclosalpa chain, mix the zooids indiscriminately 
in a dish, then measure them and plot the results. The curve 
would be the same—the normal probability curve—but would 
give us no clue to the way the zooids are disposed as to size in the 
individual wheels. In that case the treatment would not, it is 
true, ‘‘contribute in any large measure to an elucidation of the 
causes.”’ But in our case we have seen that no evidence can be 
found tending to show that the size scheme as it actually does 
occur in the wheels is dependent:on external factors. All the evi- 
dence is to the effect that it is due to the growth process itself 
independently of any correspondingly differentiating external 
conditions. In other words, the periodicity in growth occurs 
- under external conditions, that so far as the evidence goes, are 
not correspondingly periodic. Viewed in this light, can we still 
say the curves teach us ‘‘measureably little about the cause of the 
phenomena under consideration?” It seems to us not. Truly 
they do not furnish us ‘a complete explanation’ of the phenomena. 
They do, however, tell us, seemingly, this much: That the 
cause is in the nature of the growth process itself; that the growth 
goes that way. 

If now it should turn out as suggested that not only the length 
of the zooids falls into a size scheme, but that many of the other 
morphological dimensions, and functional capacities fall into sim- 
ilar schemes, then the instructiveness of the curves would, for us 
at least, be very great touching the causes of the phenomena. 

Whatever view may be held as to the relation of the periodicity 
in plants to that in the Salpa chain, it will we believe be allowed 
that the general question is one of many sides and great possible 
importance to biological theory. We have not pretended to do 
more than call attention to it here. 
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We conclude with an acknowledgment of our indebtedness to 
the work of several other biologists who have entered by one or 
another gate the course upon which we find ourselves. Of these 
perhaps the first to be mentioned is Julius Sachs whose idea of the 
grand period of growth in plants must, it seems to us, expand and 
play a much larger role in biological theory in the future than it 
has in the past. After Sachs, chronologically, the various inves- 
tigations by C.S8. Minot on the rate of growth in aminals has largely 
influenced our observations and thinking. Another research, 
that by T. Tammes entitled ‘‘Die Periodicitiét morphologischer 
Erscheinungen bei den Pflanzen,” has had considerable to do with 
shaping our ideas on the strictly biological side. But by far the 
most important as opening up the way to the quantitative work 
has been Raymond Pearl’s ‘Variation and Differentiation in 
Ceratophyllum.’”’ Although Pearl’s quantitative data in this 
research are entirely enumerative rather than mensural; and 
although his aims and results are in several rather important 
particulars different from ours, his fundamental problem really 
gave us our starting point. 
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PLATE I 


EXPLANATION OF FIGURE 


11 Cyclosalpa affinis Chamisso, solitary generation with chain of five wheels. 
Natural size. 
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PLATE 2 
EXPLANATION OF FIGURES 
12 Cyclosalpa affinis, aggregate generation. X 15. 


13 Cyelesalpa affinis, solitary generation, with young chain of zooids just 
emerging. X 2. 
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PLATE 3 


EXPLANATION OF FIGURES 

Deploying point of chain of Cyclosalpa affinis. 

14 Dorsal view. 

15 Side view, left side. 

16 Ventral view. 

Zooids on the right side are numbered 1’, 2’, 3’, etc.; those on the left, 1, 2, 3, 
etc. A given zooid has the same number in all three views. 
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PLATE 4 


EXPLANATION OF FIGURES 


17-19 Chain of Cyclosalpa affinis 

17 Ventral view of chain, showing unbroken part and four wheels. Somewhat 
diagramatic but drawn to scale. Natural size. 

18 Dorsal view of same. 

19 Peduncles of distal part of unbroken chain and of first two wheels. 

20 Peneroplis arietinus Batsch, sp. Longitudinal section through the shell. 
Taken from Brady, Foraminifera, Challenger Expedition, vol. 9, plate 138, fig. 22. 

21 Reophax membranaceus H. B. Brady. Taken from monograph of the For- 
aminifera of the North Pacific Ocean, Cushman, 1910, U.S. Nat. Museum Bulletin 
71, p. 90, fig. 126. 

22-25 Chain of Cyclosalpa affinis. 

22 Enlarged view of the distal foot-pieces of the unbroken part of the chain. 

23 Enlarged view of the foot-pieces of the first wheel. 

24 Diagramatic representation of three stages in the development of the cir- 
culatory system of the chain. 

25 Cross section through chain. 
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ON THE FORMATION, SIGNIFICANCE AND CHEM- 
ISTRY OF THE WHITE AND YELLOW 
YOLK Or OVA 
OSCAR RIDDLE 


From the Laboratories of Zoélogy and Experimental Therapeutics, 
University of Chicago 
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INTRODUCTION 


Very many thousands of pages have been written concerning 
yolk—its presence, formation, varieties and distribution in eggs. 
Indeed, the task of recording such a series of facts has been 
repeated on nearly every egg that has come under the closer ob- 
servation of the biologist; while some eggs, notably those of the 
frog and the fowl,-have submitted their yolks to the observa- 
tion and description of dozens of different investigators. Not- 
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withstanding this great amount of study and description, the 
literature fails to give satisfactory answer to any of the following 
questions: (1) Precisely how and where does yolk originate? 
(2) Why, or how is it that there are two kinds of yolk, (a) smaller 
spherules (often with enclosures) of white yolk, and (b) larger 
spherules of finely granular (often pigmented) yellow yolk? and, 
what is the relation between these? (3) What is the meaning of 
the stratified condition of the yolk of some eggs, eggs in which 
layers of white yolk alternate with layers of yellow yolk? (4) 
What are the chief chemical differences between these two kinds 
of yolk? 

Thinking that we are now able positively to answer questions 
3 and 4, and that these solutions bring some light upon the first 
and second questions, we submit the following data and considera- 
tious. These are presented with a minimum of refereace to the 
enormous literature; otherwise this communication must have 
been increased to several times its actual size. 

In carrying out this work, and now in the presentation of it, 
the author would say that he has not forgotten that ‘yolk’ is 
‘non-living substance’ and therefore from a certain standpoint 
has but a minor interest to biologists. But, standpoints change. 
Until Johannes Miiller declared, and Van Beneden clinched the 
point, that the yolk of eggs is not living matter, and that it con- 
trasts absolutely with the other part of the egg—the protoplasm— 
yolk had an all-absorbing interest to naturalists as a substance 
per se. In the years that followed, yolk has been studied largely 
with a view to cataloguing its diverse occurrences, forms, origins, 
distribution, tingibility, etc.; its interest to most students has 
flagged; though its often overweening bulk in the most studied 
of all cells has frequently won for it unwilling and tedious descrip- 
tion. Perhaps one day we shall have a new standpoint. At any 
rate, we are only now beginning to realize that, though yolk is 
non-living substance, it is nevertheless organized substance and a 
very refined product of the vital laboratory; that it is a product 
laid down in the meshes of protoplasmic elements; and that the 
very act of its laying down is a signal of important metabolic 
states and capabilities of these living elements. More of the im- 
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port of the relation between this ‘organized’ and this ‘living’ 
material we shall know later; in the meantime, each bit of informa- 
tion is doubly welcome because it concerns the most interesting 
form of protoplasm—the egg—at what is probably its most inter- 
esting period. Perhaps, then, the substance that has seemed to 
have but blundered in where it could blind us most, may itself 
prove to be a mirror for many a secret that we have else- 
where sought in vain. 


A METHOD OF MEASURING THE RATE OF GROWTH OF RAPIDLY 
GROWING OVA 


The present studies began with an attempt to learn the cause 
of the stratified condition of the yolk of the hen’s egg. It was 
suggested to me by results of an earlier study (08) that the al- 
ternate layers of white and yellow yolk in the egg may be the 
result of the daily rhythm of nutrition—connected with high 
and low blood-pressure—which I had discovered in birds, and which 
I had shown to be the cause of the alternate fault-bars and funda- 
mental bars of birds’ feathers; it being there found that the daily 
variation in nutritive conditions in birds is sufficient to produce 
structurally perfect, and structurally imperfect parts in their 
rapidly growing feather germs. To test the suggestion, then, one 
might need only to learn the rate of growth of a bird’s egg. What 
is the rate of growth in the eggs of the common fowl? This had 
not been determined, and no way of determining it was known. 

It occurred to methat Sudan III might be used for this purpose. 
Knowing that Sudan was not destroyed in passing through 
the intestinal wall, (Daddi) that it circulated tied to the fatty acids 
of the food, and that the fatty acids of the food were laid down 
unchanged in the egg (Henriques and Hansen, ’03), I inferred that 
Sudan given with fatty food would be laid down in the egg. 

Moreover, it seemed possible by regulating the dosage and using 
proper intervals between feedings, to get laying hens to put 
this bright pigment down as definite bands in their growing ova, 
and thus enable one to determine the rate of growth. 

The first experiment was as successful as the last. When such 
Sudan-containing eggs’ were hard-boiled and sectioned under 


458 OSCAR RIDDLE 


water it was easy to measure the distance between the innermost 
borders of two such rings of Sudan, and thus to identify this 
amount of growth with the time which was known to have inter- 
vened between the two feedings. 

Having thus discovered a method! (described in detail by me 
elsewhere, ’10) of measuring the rate and time of growth of ova, 
many data were collected on this point; the distance between the 
normal strata (layers of white and yellow yolk) of the egg was 
carefully measured; later the problems and considerations grow- 
ing out of the results were further followed up. We give here the 
following short statement of the observations and conclusions: 

The radius of the hen’s egg increases during the last few days of 
its growth by about 2.0 mm. per twenty-four hours. The thick- 
ness of a layer of white yolk and a layer of yellow yolk taken to- 
gether is usually about 2.0 mm. Our conclusion is that in the 
fowl a layer of white and another of yellow yolk are laid down 
each twenty-four hours. Other facts at hand indicate that the 
yellow yolk is laid down under the best nutritive conditions, 
while the white yolk is a sort of growth-mark left by poorer nu- 
tritive conditions. 


THE RATE OF GROWTH OF THE OVUM OF THE COMMON FOWL 
1. Ova of more than 6.0 mm. in diameter 


Table 1, section A, and plates 1 and 2 have been prepared to 
show the rate of growth of the larger ova as this is indicated by 
the Sudan method. The reader is referred to the table and plates 
in order to learn the kind of evidence on which the first conclu- 
sion is based. The amount of this evidence could be increased 
several times. It will be seen that the radius of the larger ova 
contained in the ovary of a fowl may increase by rather more than 
2. mm. during twenty-four hours; also that this rate of growth 
is quite variable and may often fall to one-half the above amount. 

Other data in our possession show that this rate not only varies 
for the eggs of different ovaries, but for different eggs of the same 


1 First announcement of the method, and of some of the present results, Riddle 
(07). 
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ovary which were grown at different periods. It has been 
shown moreover by the Sudan-method that the rate of growth 
may be reduced not only to one-half that given above, but to 
absolute zero; this, however, is only a confirmation of what in- 
ference has long declared must be so, since ova may even de- 
crease in size while in the ovary, 7. e., they may be resorbed. 


TABLE 1 


Showing under section A the rate of growth of hens’ eggs as this was measured in 
central and peripheral parts of the yolk by means of Sudan. The numbers in the 
first column refer to the number which this egg bears in the plate. In section B 
are recorded measurements of the thickness of pairs of white and yellow yolk 
strata in central and peripheral regions of the ovum as this could be seen with 
unaided eye or with addition of iodine solution. The seven measurements here 
chosen arbitrarily from nearly forty in the records, are consecutive measure- 
ments of eggs from different hens. 


A B 
24 HOURS RADIAL GROWIH THICKNESS OF A PAIR OF 
IN MM. YOLK STRATA 
NO. OF EGG 5 = ‘eens: va NO. OF OVARY pA IS 7 & 
Central | Peripheral Central | Peripheral 
i Jel, il iD, te Jel; al 1G 
at 1 1.41 1 16 2.16 
4° 1 13) 1 '7/ 2 1.54 1.54 
a 1 Laz 3 Wea) 
(aq 1 1.64 + 2.5 225 
1 2 1.8 1.8 5 1.4 1.4 
2 2 lg | W.&: 6 2.0 2.0 
5 2 | 1108) 7 levy gga 1.47 
ANCTAR CS 3 ogi 1.53 1.67 | Average...... | 1.85 18 


2. Ova of less that 6.0 mm. in diameter 


It has not been possible to obtain a deposit of Sudan in eggs 
smaller than 6.0 mm. in diameter. This failure is explained by 
the fact that these ova are growing very slowly, as compared 
with the more advanced ova, and the intake of the stained food 
is here not rapid enough to give a perceptible effect. We shall 
see, moreover, that this white yolk—for ova of this size are com- 
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posed entirely of white yolk—is much poorer in fat than is yellow , 
yolk. Since fat is the only food that can carry Sudan this is 
another reason for the failure of Sudan to appear in them. The 
Sudan method is therefore not available for the determination 
of the rate of growth in these eggs. 

One bit of evidence of another sort concerning this rate of 
growth was obtained and may be recorded. In fig. 3, pl. 2, is 
shown the striated appearance which the peripheral white yolk 
of one of the small eggs showed after having lain in a quantity of 
Mann’s formalin-aleohol mixture for a few weeks. Here the note- 
worthy facts are, that a striation exists, and that the lamellae 
are not thicker than 0.25 mm. Whether these lamellae are made 
up of still smaller strata which really represent days of growth 
I am quite unable to say. I doubt somewhat that the radius of 
these small eggs is increased by as much as 0.25 mm. in twenty- 
four hours; anyway these strata offer some evidence—in the 
light of what we know of succeeding yolk strata—that these 
small eggs do not grow faster than 0.25 mm. per day. 

One must ask what is the meaning of the extraordinary differ- 
ence in growth-rate of eggs under, and over, 6.0 mm. in dia- 
meter? What old mechanism is inhibited or what new one 
brought into action, that accounts for this procession of cells— 
each with months of slow and constant growth behind it—coming 
to a point from which each jumps in a day from its accustomed 
rate of increase, to a rate that is probably from eight to twenty 
times higher? Do the follicular cells now become more permea- 
able than formerly to the ingredients of yolk? Is the increased 
vascularity of the follicular envelopes, that certainly occurs at 
this time, a cause or a result of the new activity? To these ques- 
tions there comes no answer. But to us there are few events in the 
history of the primary oécyte of the fowl more interesting than 
this one. All the more interesting it is, too, because of its glar- 
ing apparent teleology. Here is an ovum within five to eight 
days of extrusion? and containing less than the hundredth part 


2Tt is true, however, that if the -yolk grow less rapidly than normally the egg 
remains longer in the follicle; showing that the time of ovulation is not controlled 
by heredity but is governed quite completely by conditions. 
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of the yolk necessary to make it capable of producing an animal. 
Nevertheless five to eight days suffice to supply the missing 
ninety-nine parts. 


THE THICKNESS OF THE STRATA OF WHITE AND YELLOW YOLK 
OF THE COMMON FOWL 


The measurement of the thickness of a layer of yolk offers some 
difficulties and. can rarely be done directly on a single layer; the 
reasons being that one stratum merges very gradually into 
another and that the strata are often very indistinct. More 
frequently, though by no means in every egg, a series of well- 
marked layers can be found and a measurement made over all; 
the number of strata—or rather of pairs of strata—may be 
easily counted. When the total measurement is divided by this 
number one obtains the thickness of a combined layer of white 
and yellow yolk. 

The result of eight such measurements is recorded in section 
B of table 1. These are typical of nearly forty reliable measure- 
ments, and indicate a thickness of about 2.0 mm. (1.4 — 2.5) 
for a layer of white and yellow yolk combined. 

The layers of yolk can sometimes be seen in the fresh eggs, 
proving that they are not artifacts; but for the purpose of measure- 
ment it is usually best to hard-boil them, and section (under 
water) from one side until the exact ceuter of the egg is reached. 
Sometimes it will be found advantageous to put the egg thus pre- 
pared in weak iodine solution for a time. This treatment seems 
occasionally, though not always, to strengthen the contrast 
between the layers of white yolk and those of the yellow variety. 

For reasons stated above it is impossible satisfactorily to measure 
the thickness of a layer of white yolk. It can be said with con- 
fidence, however, that this so-called layer has but a fraction of 
the thickness of the adjoined yellow layer. Perhaps one errs but 
little in saying that the former usually has from one-fourth to 
one-eighth the thickness of the latter. 
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THE COINCIDENCE OF THE AMOUNT OF YOLK DEPOSITED IN 
A DAY, WITH THE AMOUNT OF YOLK CONTAINED IN A 
STRATUM OF WHITE AND YELLOW YOLK 


A comparison of the two sections of table 1 shows quite convinc- 
ingly, I think, that the figures, which in the one column indi- 
cate the amount of a day’s growth, are of the same order of magni- 
tude as those which in the other column indicate the thickness of 
a stratum of yolk. This fact, and another one, namely, that we 
know that there exists in birds a daily nutrition rhythm capable of 
producing daily growth-marks in their rapidly growing feathers, 
convince us that a layer of white yolk and another of yellow yolk ws 
laid down during each twenty-four hours. 

The well-developed appearance of the yellow yolk, its large 
yolk-spherules andits much greater thickness than that of the white 
layer, all indicate, moreover, that this layer, like the broad fun- 
damental bar of the feather, is grown under the best nutritive 
conditions; while the narrow layer of white yolk with its small 
spherules gives indication that it, like the fault-bar of the feather, 
is grown under poor nutritive conditions. 

Since I have shown that the poor nutritive conditions which pro- 
duce the fault-bar occur in the later hours of the night—1 :00-5:00 
a.M.—I consider it as practically certain that the white yolk of the 
ovum is produced at the same time, and that the yellow yolk is pro- 
duced during all other hours of the day. 

The layer of white yolk of the hen’s egg is then a growth-mark 
left at the ever-changing boundary of the ovum; it represents 
the results of yolk formation. under sub-optimal conditions. It 
is indeed incomplete, unfinished yolk, as is apparently indicated by 
the histological data already known, and by the chemical evidence 
which I shall present in another section. 


YOLK STRATIFICATION IN OTHER ANIMALS AS SEEN IN THE 
LIGHT OF ITS CAUSATION IN BIRDS 


With the story of the white and yellow yolk of the bird in mind 
it becomes most instructive to reéxamine many of the peculiar 
types of yolk distribution which from time to time have been re- 
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ported and figured by embryologists and cytologists; for now 
we can feel fairly sure that wherever we meet alternate layers of 
white and yellow yolk, such layers indicate just so many alterna- 
tions of better and poorer nutritive conditions during the time 
these layers were being formed. The better and poorer nutritive 
conditions doubtless applying to the organism as a whole.’ 

A zonal arrangement of yolk similar to that of the bird has been 
reported in at least four other groups, viz., turtles, lizards, skates, 
and myxinoids. Some yolk patterns are known which are not 
distinctly zonal but intermediate to it and the type of yolk 
arrangement which is usual in small eggs; these help to bring 
all yolk distribution under a single principle or set of principles. 

In order to avoid much tedious description in the text, and also 
to present more clearly and accurately this part of the subject, 
I have prepared plate 3, which is to a large extent a reproduction 
of figures which are not new. To what is shown in the plate, and 
in the explanation which accompanies it, I here add the following: 

In all ripe ova, as in all the growth stages during which yolk 
is being deposited in the ovum, a layer of yolk composed of very 
‘ small spherules (white yolk) is to be found at the extreme pe- 
riphery of the egg. If larger yolk spherules (yellow yolk) also 
occur, they occupy more central portions of the egg. There is, 
moreover, scarcely an exception to the rule that the germinal 
vesicle or egg-pronucleus is immediately surrounded by similar 
small spherules and not by large ones. 

It seems also to be very generally true that in those ova in which 
considerable yolk is developed, and in which the germinal vesicle 
makes its way from the center to the periphery of the egg (or 
remains near one side of the cell) it leaves in its wake a cylinder of 
white yolk to which in some cases has been given the name of 
Pander’s nucleus. 

All of these features are shown in eggs of such widely separated 
forms as the skate (fig. 6) the amphibian (fig. 5), the lizard (fig. 


3 On the other hand, some eggs, e.g., those of the salmon, may undergo their 
chief growth at the expense of the somatic tissues and while no food whatever is 
being ingested. The conditions here, however, are essentially constant and there- 
fore produce no stratification of the yolk. 
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8), the birds and at least in some mammals (fig. 3). These are 
the forms, too, which—with the exception of the mammal—in 
addition show a stratification of the main body of the yolk. 
Two other forms are known, the turtle and the cyclostome 
(Bdellostoma) in which the stratification and other features 
occur, as in theabove mentioned eggs, except that no Pander’s nu- 
cleus has been found. 

How may we explain at one and the same time the essential 
similarity of the yolk distribution in eggs of widely separated 
forms, and the often essential dissimilarity of its distribution in 
the eggs of closely related species? There seems now no doubt 
that all can be accounted for when one knows two things: first, 
the length of the growth period; and, second the chief fluctuations 
in the nutrition of theanimal during the growth period of the eggs. 

Most ova have no stratification, then, because the yolk is 
grown in a short season—the animal not being subjected to such 
severe alternations as winter and summer, while the process is 
going on; or, because the eggs remain very small and develop 
little yolk; or, again, because some ova have the extraordinary 
capacity of growing at the expense of somatic tissues. In such 
cases fluctuations in the nutrition of the animal are of little 
moment to the egg; the latter being able to feed well at the ex- 
pense of the organism as long as it continues to live. 

When stratification is present, however, I believe this to be a 
positive declaration that nutritive fluctuations did occur in the 
organism, and the number of the strata tobe a reliable index to 
the number of such fluctuations. The presence of yolk stratifica- 
tion in the eggs of an animal then is an invitation to the natura- 
list and physiologist to look for important nutritional variations 
in that animal. 

Thus far definite causal and time relations between such stratifi- 
cation and nutritional fluctuation has been determined only for 
the bird. What this time period is in Bdellostoma we can now 
only conjecture; but the fact that in a mature specimen eggs of 
a wide range of size exist possibly argues that these eggs are 
several years in forming. The further fact, that the animals lose 
much blood and become much weakened at each yearly spawning 
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period, is significant in that here may be found the means of a 
nutritional depression which produces a layer of white yolk in 
all of the remaining eggs of the ovary. If this be the true explana- 
tion one can readily understand the lack of stratification inthe 
eggs of the related Petromyzon (fig. 2) since this form spawns but 
once in a lifetime. 

In the skate the main growth period of the odcyte is probably 
completed in less than a year. The nine orten pairs of strata 
figured by Rickert (fig. 6) are probably produced at the rate of 
about one per month. Whether this refers merely to the number 
of times the animal has fed during this time, or otherwise, nothing 
seems to be known. 

The amphibian egg has a short growth period, and derives its 
growth material too from substances stored in the body, and is 
thus independent of external food supply. Doubtless these facts 
—together with its usually moderate size—will account for the 
actual configuration of its yolk. 

The eggs of two reptiles—turtle and lizard—show very evident, 
but dissimilar, yolk strata. What the time, or the nature of the 
nutritive fluctuations are, that may produce these strata in La- 
certa, I can make no suggestion. 

In the egg of the tortoise Munson (’04) seems not to have 
identified (fig. 1) the so-called inner and outer cytocoel as layers 
of white yolk. A study of my own preparations, however, con- 
vinees me that such is their nature and the term cytocoel there- 
fore 1s unnecessary. The turtle’s egg has then alternate layers of 
white and yellow yolk somewhat comparable to those of the bird. 
I have found indications of four pairs of such zones in some eggs; 
or rather, by comparing the strata of different eggs from the 
same animal I have found such indications. But I'am not now 
sure that four such pairs exist, nor that only four exist. Cer- 
tainly several very thin strata can sometimes be found within 
2 mm. of the periphery of some ova. 

One wonders much whether the well-marked innermost layers 
of the turtle’s egg can be the indications of years of growth. Agas- 
siz (757) showed that these ova undergo their greatest growth in 
four interrupted stages extending over four years. Our predic- 
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tion is that further examination of these yolks, by proper 
methods for differentiating the strata, will show four pairs of white 
and yellow zones, to correspond to four yearly periods; each 
year supplying a period of growth and of rest, or at least of more 
rapid, and of less rapid growth. 

Of the mammal’s egg shown in fig. 3 it can be said that the 
several conditions of its growth seem to be closely similar to those 
of the amphibian egg which it so much resembles. To be sure, this 
egg may not, like the amphibian, develop at the expense of sub- 
stances stored in the body; but, so few eggs are here developing 
at one time that an adequate food supply is always assured. 

We believe then that these data practically give answer to the 
very important question which has been so well put by Riickert 
(’99, p. 585): 


Diese Uebereinstimmung des Selachier—speciell des Torpedo-Eies, 
mit dem Vogelei ist, wenn der Vergleich sich zunachst auch nur fiir die 
grébere Structur durchfiihren lasst, immerhin eine auffallende That- 
sache. 

Es wiirde die Miihe wert sein, bei einer erneuten Untersuchung 
der ohnedies seit vielen Jahren vernachlassigten Dotterentwickelung 
nach Anhaltspunkten zu suchen, ob die Aehnlichkeit nur dadurch her- 
vorgerufen wird, dass die beiderlei Hier unter gleichen Bedingungen 
sich entwickeln, oder ob es sich um einen durch Vererbung auf das Voge- 
lei tibertragenen Vorgang handelt; mit einem Wort, ob eine Analogie 
oder Homologie vorliegt. Im letzteren Falle wiirde sich der Schluss 
ziehen lassen, dass das meroblastische Ei des Vogels resp. der Saurop- 
siden ein primar meroblastisches ist wie das Selachierei und das Sauge- 
tierei kein tertiair sondern ein sekundir holoblastisches wie das Amphi- 
bienel. 


The similarity noted above of the amphibian and marsupial 
eggs is another case in point. My results indicate that the like- 
ness of yolk distribution in these two eggs, and in those of sela- 
chian and bird cited by Riickert, does not rest on heredity in any 
narrow sense of the word, but on the fact that they develop under 
like conditions. 


ON THE CHEMISTRY OF WHITE AND YELLOW YOLK 


The conception of white yolk which arose from the preceding 
work was that such yolk is a halted, or intermediate stage, in the 


WHITE AND YELLOW. YOLK OF OVA 467 


development of yellow yolk. This same conception had been 
urged on histological grounds by several workers, though opposed 
by others. The chemistry of the two substances was then ap- 
pealed to for further evidence of a sort which it alone could 
give. 

An examination of the rather abundant literature on the chem- 
istry of yolk showed that it contained none of the data which our 
problem required. Analyses of yellow yolk have indeed been made 
by Prout, by Gobley and by Parke; but it was believed that the 
extraction methods of their time did not effect a complete separa- 
tion of the fat from the other constituents of the yolk. These 
determinations have therefore been made anew. That such was 
really necessary may be indicated by the fact that Parke (’67) 
extracted only 66.7 per cent of fat and phosphatids, whereas my 
analyses always yielded more than 70 per cent of these constitu- : 
ents. It was also imperative of course that results of analyses 
which were to be compared should be obtained by identical 
methods. Apparently no analysis of white yolk had been made, 
so that this had to be done. 

Since, moreover, the metabolism of yellow yolk includes not 
only its formation but also its de-formation into absorbable con- 
stituents, it was considered necessary to take account of yolk in 
a late stage of such modification. Such yolk is met with in two 
rather different situations: Normally, the whole yolk of the egg 
(yellow yolk) is subjected during the incubation period to the 
digestive, 7.e., disintegrative action of the embryonic tissues— 
entoderm and yolk sac. Under such modifying action does yellow 
yolk become more like white yolk, or does it become less like it? 
A similar digestive action occasionally overtakes an ovum in 
situ, 7.e., while still in the ovary and surrounded by follicular cells. 
These are the so-called ‘resorbed ova.’ How does the yolk of such 
an ovum in an advanced stage of resorption compare with the 
yellow yolk which it was before the beginning of resorption? Has 
it become more like, or less like white yolk? 

The complete results of my analyses with a consideration of 
their points of chemical interest, and an account of the preparation 
of materials, and of methods used, will be published elsewhere. 
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I may say here that the fat and phosphatid extractions were made 
with the methods recently discussed and described by Prof. 
Waldemar Koch, in whose laboratory these analyses have been 
made. At this time it seems most desirable to present only the 
amount and sort of data which is necessary to give a clear picture 
of the major differences between the two forms of yolk under con- 
sideration, and to answer the two questions just stated above. 


TABLE 2 


ey PER CENT OF SOLIDS 


NO. OF SAMPLE MOISTURE - ————— —_—_—_ 5 ; ~ 
Fat Phosphatids Extractives | Protein 
dT eee Be esearch nce pgs 47.8 A492 20.9 | 0.6 | 28.8 
Ze Ne 21? | PMG SE A BAS 7 15.3 2:0) Pays 
Seen, Gighena eee ete: 49.2 40.7 15.9 2.4 38.7 
BA RE se Ae 5 cists 88.1 36.8 Iba 3.4 43.5 


1 = analysis of fresh egg-yolk (yellow yolk) (17.670 gr.) 
2 = analysis of a resorbed ovum (1.834 gr.) 
3 = Average of three analyses of contents of (9) yolk sacs (18 da. ine.), (78.821 


4 = analysis of white yolk (6.019 er.) 


Table 2 has been so arranged as quickly and accurately to tell 
the story. Nos. 1, 2 and 4 are single and quite typical analyses. 
The several analyses of the yolk sac contents varied considera- 
bly, and therefore an average of three separate analyses of yolk- 
sacs of eighteen days incubation is here given in preference to a 
single analysis. The white yolk was taken from a great number of 
eggs under 6.0 mm. in diameter, the yolk being removed without 
‘carrying over any traces of the enveloping membranes. 

The quantitative differences in each of these chief components 
of white and yellow yolk are remarkable. Quite as striking and 
conclusive, too, are the numbers which show that when yellow 
yolk is subjected to digestive action, in either of the two situations 
named, eacn and every component approaches more nearly to the 
quantity characteristic of white yolk. 

It cannot be said, however, that these data conclusively answer 
the question we have raised as to whether white yolk is an inter- 
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mediate stage in the formation and indeed of the de-formation 
(digestion), of yellow yolk; although they do strongly support 
that view. There seems to be an alternative, namely, that the 
figures under nos. 2 and 3 approach the composition of white 
yolk more and more, only because the amount of that sort of yolk 
originally present in the egg is not diminishing, or is diminishing 
but slowly, whereas the yellow yolk is here being digested very 
rapidly. For, it must be remembered that, although we are con- 
sidering a mature hen’s egg as our type of yellow yolk, it still 
contains white yolk in quantities not easy to estimate; though 
we are accustomed to think of this amount as small, probably 
between 5 and 15 per cent of the total. 

Parallel to the chemical data are the histological conclusions 
that it is always white yolk and never yellow yolk that is found 
applied to a surface into which yolk is being ingested. This is 
true for the germinal disc of pre-embryonic stages, and for the 
advancing entoderm and yolk-sac of the embryo (Balfour, Agas- 
siz). Virchow (91, p. 105) however, questions the correctness of 
this statement. It is certainly almost always true for the nucleus, 
or germinal vesicle of the primary oédcyte, a seemingly significant 
fact upon which I shall publish observations elsewhere. Our 
chemical data themselves show, however, that the alternative can- 
not be true unless there is several times as much white yolk in an 
egg as we have reason to believe exists there. In any event the 
certain and interesting fact remains that when the yolk complex of 
the hen’s egg is subjected to digestive and absorptive processes, the fat 
and phosphatids digest and disappear much more rapidly than does 
the protein. 


- ON THE MECHANISM OF YOLK FORMATION AND DE-FORMATION 


Having presented datato answer questions three and four of the 
introductory statement, we may now consider the first and second 
questions in the light of these results, and with the help of other 
facts. Precisely how and where does yolk originate? Why or 
how is it that there are two forms of yolk; or, what isthe relation 
between these? 


470 OSCAR RIDDLE 


I purpose to preface this inquiry with a statement of my two 
main conclusions, or theses. (1.) The formation and the de-forma- 
tion of yolk are one and the same subject. The processes of bualding 
are also the processes of tearing-down; only an equilibrium changes. 
These two sister-subjects have, however, long paraded as inde- 
pendents. The formation of yolk has been considered a subject 
the investigation of which was connected with a wide variety of 
study such as the migration of fully-formed yolk granules from 
follicular cells into the ovum; the origin of yolk granules from 
migrated particles of the chromatin, or the nucleolus; or again 
their formation by the yolk nucleus, or by mitochondria, etc. On 
the other hand, when the other phase of yolk metabolism—its 
de-formation—was concerned, observers have been pretty gener- 
ally satisfied to speak only of ‘a digestion and ingestion of yolk.’ 

(2.) Given a region into which the elements of yolk—with their 
vast amount of potential energy—can go and can exist without under- 
going oxidation, and yolk (or some of its elements) will there be in- 
creased or decreased 1n amount subject to an equilibrium which is 
a function of two factors; (a) the reversible action of enzymes and, 
(b) the partition coefficient of the elements of yolk. We do not state 
that all desirable proof of this thesis is at hand, but we do insist 
that a very considerable body of evidence supports it. Having 
been led to the formulation of this view, and to the acceptance of 
it to the fullest extent ourselves, we shall here outline the evidence 
which we believe will likewise commend it to others. 

It is not necessary to discuss separately what we have called 
theses one and two. Both rest upon the question of the presence, 
the effectiveness, and the modus operandi of the two factors which 
we have proposed as the immediate agentsof yolk transformations; 
whether such transformations be of growth or of ‘digestion,’ 
whether they be progressive or regressive in character. The dis- 
cussion therefore hangs upon these factors and we shall consider 
them separately. 

Before proceeding in this direction, however, it is well to be 
reminded that these theses are the physiological and explanatory 
counterpart of an histological dictum which in certain of its as- 
pects has been for many years ably maintained by several noted 
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histologists; but which has apparently not gained universal accep- 
tance: A spherule of yellow yolk may arise from a spherule of white 
yolk; in the normal destruction and utilisation of the yellow spherule, 
a white spherule may be again produced. 


i Lhe part played by the reversible action of enzymes 


Kastle and Loevenhart (00) proved the reversibility of the 
action of lipase—the enzyme concerned in the analysis and syn- 
thesis of fat; and we have seen that fat is the chief constituent of 
yolk. Wohlgemuth (’05) demonstrated the presence of lipase in 
the yolk of the fowl’s egg. It was shown by Henriques and 
Hansen (’03) that the fatty acids of the food, z.e., of foreign fat, 
are laid down as such in the hen’s egg. Since we know that this 
fat did not originate within the egg; and, since we are assured 
that fat as such does not pass through living cells, but that it is 
previously split into alcohol and constituent fatty acids, we must 
believe that the foreign fat found by Henriques and Hansen was 
synthesized within the egg cell; or, that it was synthesized in the 
neighboring follicular cells and thrown from their inner margins 
into the egg. This last alternative is not true as will be pointed 
out later. 

Thus we come by means of the above series of facts directly to 
the proof of the existence within the fowl’s egg of the synthesis— 
one side of the enzyme action—of the most voluminous constitu- 
ent of the yolk. 

Has the existence of the splitting action of lipase in the egg also 
been demonstrated? I believe it has practically been so dem- 
strated by Liebermann’s (’88) determination that only the merest 
traces of free fatty acids are present in the fresh egg, whereas large 
amounts are present at seven and fourteen days of incubation. 
The existence of a splitting activity of lipase in the hen’s egg is 
moreover a matter that probably no one will question. From 
these facts then I think it must be said that the reversible action 
of lipase within the hen’s egg has been indirectly demonstrated. 

In fact, one familiar with the picture presented by the deposit 
and absorption of the yolk of eggs, can but wonder that this pic- 
ture has not been before specifically pointed out as an example— 


JOURNAL OF MORPHOLOGY, VOL. 22, No. 2 


472 OSCAR RIDDLE 


a typical example—of the reversibility of lipase effecting speedy 
and rhythmic transformations. The example too, becomes of con- 
siderable zoological interest, since certainly nowhere else does this 
simple physiological principle have such a relation to interesting 
features of morphology as just here. For, not only does it in 
these cases often completely change the features of the egg-cell, 
but itresults ina condition (telolecithal) which later gives direction 
to a host of events of early development—cleavage, gastrulation, 
etc.—which proceed from the egg. 

When we have spoken above of proof of the synthelic and of the 
analytic action of lipase we mean, of course, proof that each of 
these reactions may predominate in the egg. The burden of our 
whole statement is that both sorts of reaction are going on 
simultaneously (since thereaction is a reversible one), but that the 
conditions in the egg are, as a matter of observed fact, shown to 
be such that during the growth period the synthetic reaction 
normally exceeds the analytic; and that during incubation the 
reverse is true. 

We say nothing in this connection of the origin and disintegra- 
tion of the proteins of the egg. This group does not furnish, at 
present, examples specially proved for conditions in the egg, as 
do the fats. The reversibility of proteolytic enzyme action has 
however been demonstrated. 

With yolk-forming enzymes (lipase, etc.) accelerating a series of 
reversible reactions in an egg-cell in which traces of yolk have been 
deposited, what are the factors which favor each side of the reac- 
tion, and thus induce either an increase in the amount of yolk, 
or a decrease in the traces that already exist? We believe that 
for the ovum of the fowl which we shall more specifically consider, 
some of the factors effective elsewhere may be ignored.‘ The daily 
temperature fluctuations, for example, are relatively slight, ete. 
There seems good reason to believe that the amount and pro- 


4 There are several other factors or conditions which possibly, even probably, 
play parts in the storage of facts, i. e., building of yolk, in the egg; most of 
these however are factors supplementary to those of distribution coefficient and 
enzyme reversibility; though some are not. Some such factors known to be 
effective in fat-storage elsewhere are: (1) quantity of lipase (Kastle and 
Loevenhart) ; (2) different species (?) of lipase (Hanriot); (3) alkalinity 
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portion of the reacting substances present is here, as elsewhere 
under these conditions, the factor that determines whether the 
amount of yolk shall from time to time increase, remain constant, 
or diminish. What then are the conditions in the fowl that would 
tend to modify the amount of these reacting substances in the egg? 

In answer to this we revert to the facts forecasted at the begin- 
ning of this paper in regard to our own earlier demonstration (’08) 
of a daily rhythm of better and poorer nutrition in birds; which 
rhythms coincide with periods of higher and lower blood-pressure. 
It was there made certain that very rapidly growing organs 
(feather-germs) were usually unable to pass over the period of 
the nightly (1:00-5:00 a.m.) reduction in blood-pressure without 
showing defects; which defects were proved to be due to insuffi- 
cient nutrition. 

Now we think there is no doubt that these facts lead to an 
answer to the above question. The egg (like the feather germs) 
doubtless derives fewer nutritive particles from the blood at this 
time than during the rest of the day. Possibly, even probably, 
the low blood-pressure induces at this time feeble but effective 
currents of fluid from these cells towards the blood and lymph; 
for it is probable that under low-blood-pressure the volume of 
the blood tends to increase at the expense of the fluid of the tissues. 
At any rate it seems certain that at this time the intake of the 
food substances from the blood is reduced, with the result that the 
equilibrium of the reaction is shifted. Thus the morphological 
picture becomes changed. Now growth will proceed more slowly. 
It is now that the granules must remain small, and poor in fat. 
It is now that some of the larger yolk spherules (yellow yolk) 
may possibly suffer reduction to smaller spherules (white yolk) ; 


(Hanriot) ; (4) presence of other bodies eg. lecithin (Hewlett); (5) reducing 
conditions, i. e., conditions favorable to the formation of fat from carbohydrate 
and protein by reduction. A further reason for only a mere mention of these 
factors here is that the data for the egg are at present too meagre. 

The factors which have to do with the formation and storage of the protein 
constituents of yolk, and of their union with lipoids and fats to form yolk, 
are less known than those factors which involve fat metabolism only; therefore 
the latter only are treated here. Macallum (’91) has some interesting state- 
ments on related subjects, and further points out that similar processes occur 
in the formation of yolk and in the production of pancreatic zymogen. 
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the former being robbed more rapidly of their fat than of their 
protein. Now a layer of white yolk is produced in the egg. 

In fig. A is shown a diagrammatic representation of how these 
fluctuations in the quantity of food-products of a fatty nature in 
the blood-stream would effect changes in size in oil drops, if these 
latter were separated from the blood by thin and semi-permeable 
membranes—the conditions existing at the surface of an egg. Sec- 
tion A represents growing conditions—predominance of fat syn- 
thesis due to rapid ingress of the constitutents of fat. Section B | 


A 


Text Figure A=] 


Idealized representation of the relations of the periphery of a mature sauropi- 
dan egg to the blood and lymph. Follicular cells not shown; these considered per- 
vious as vitelline membrane, or by their intercellular spaces offering free access 
of lymph to that membrane. A = optimum growth conditions. B = metabolism 
of an oil drop in equilibrium. C = impoverished blood bearing away elements of 
yolk, with extension of white yolk area at the expense of yellow yolk. 6b. cap. = 
blood capillary; v.m. = vitelline membrane; w.y. = granules of white yolk; 
y.y. = granules of yellow yolk. See text. 


stationary conditions; as much of fatty ingredients is being given 
off into the blood, as is being taken from it. Section C droplets 
reduced in size as a result of continued contact with a blood stream 
poor in fat. 
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2. The role of the partition coefficient of the elements of yolk 


Of less importance than the reversible action of enzymes, but 
following upon it, is the distribution between the yolk® and the 
blood of the soluble substances concerned in these reactions accord- 
ing to their relative solubilities in these two solvents. There can 
be no doubt that this distribution, or partition coefficient is a 
factor in determining the amount of soluble substance which comes 
from the blood, lymph, follicular cells, or vitelline membrane, to 
the periphery of the yolk, and vice versa. Such is a physical 
necessity. The constitutents of fat for example, quite certainly 
enter the egg in soluble form and must there be subject to the laws 
of solubility. 

The chief thing incumbent upon us in this connection is to 
point out how this partition coefficient may act selectively in - 
modifying the amount of the reacting substances in the egg; 
t.e., how this principle may contrive at one time to increase, and 
at another to decrease the quantity of yolk contained in the egg. 
Remembering that it is the amount of reacting substances present 
that decides whether yolk formation or yolk de-formation may 
occur, the answer can perhaps be more easily given in refer- 
ence to fig. 1. Let this figure now represent the periphery of the 
ovum of a turtle, in contact with the lymph and blood streams. 
During the summer, when the constituents of fat are probably 
most abundant in the blood, some of these must, on account of 
their solubility, pass into the egg and there later be built into 
yolk; their former places being continually taken by new particles 
from the constant supply of the blood stream. Under these con- 
ditions yolk spherules grow, as is represented by section A. In 
winter, conditions become asin C. The turtle cannot now digest 
food (Riddle, ’09). Its heart-beat and other activities, however, 
require food for their continuance, and the blood becomes depleted 
of food. The reversible action of-its yolk enzymes is not like- 
wise suppressed, but these now as before set free soluble yolk 


5 The word ‘yolk’ ishere made tostand for the whole body of the egg cell. Perhaps 
egg-protoplasm, follicular cell, vitelline membrane, and yolk, should all be men- 
tioned instead of ‘yolk’ alone. 
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constituents. For such to be set free now, however, is to leave 
the egg entirely; for now the distribution coefficient of each of 
such substances brings a portion of it into the blood or lymph; 
and here it is not allowed to accumulate—to saturate this solution 
and then cease to act,—but is taken up by other organs; while the 
blood thus freed from traces of it continues to pick up more of 
such particles as it passes the ovum. Because of this principle 
then an ovum may not be able to hold all the yolk that it has once 
acquired. Apparently we can explain the broad zones of white 
yolk in the turtles in this way, and the known facts seem to re- 
quire the mechanisms we have described. 

Of course we do not mean to infer that no other factor than the 
two we are describing have to do with certain aspects of yolk 
metabolism. For example, these two may have little causative 
influence in deciding that very important matter as to when the 
rapid growth of the hen’s yolk is to begin. Here le mysteries 
perhaps of the follicular cells, or something else, perhaps more dis- 
tant from the point of actual yolk formation. We are dealing 
only with the immediate mechanism of yolk formation and de- 
formation. 

The possible réle of lecithin in increasing the solubility of fatty 
acids and soap in the follicular cells and in the yolk is an attractive 
subject. Moore and Parker (’01) have shown how enormously 
the solubilities of these substances are increased by the addition 
of small amounts of lecithin and bile salts. I have ascertained 
the presence of lecithin in the follicular membranes, but as yet 
have not enough analyses for comparison to draw conclusions. I 
have determined also, as is indicated in Table II, that the leci- 
thin content of the white yolk—i. e., the layer just beneath follic- 
ular membrane, and usually between it and the yellow yolk— 
is smaller in amount than that of the yellow yolk. 

As a concluding word on the réle of the partition coefficient we 
record our belief that it alone accounts for the presence of the 
yolk coloring matters—vitello-lutein and vitello-rubin—in the 
yellow yolk, and not in the white. These are lipochrome pigments, 
soluble only in fat and fat solvents, and are abundant in the large 
yolk spherules, probably because, as we have shown by compara- 
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tive analyses, these spherules abound in fat. Of similar interest 
is the discovery of Miescher (’97) that at the time of the develop- 
ment of the eggs of the salmon the blood of these animals is unusu- 
ally rich in lecithin, fat and globulins. 


3. These two factors and the histological data 


One hardly has a right to mention the words ‘histology of yolk’ 
without entering upon the consideration of an enormous litera- 
ture. Since my own contribution is not primarily of histological 
nature, and for reasons stated at the outset, I refrain from doing 
so, although by my results I am seeking to put some rather new 
and additional interpretations upon histological conclusions, and 
to answer some questions in which histological, and to a less extent 
microchemical methods have before been largely used. 

The view that intermediate forms of spherules exist, connecting 
white yolk with the yellow yolk spheres, has been maintained by 
Rickert, Sarasin, Disse, Kolliker and others. The region under 
the germinal dise of avian, reptilian and selachian ova have fur- 
nished the most and the clearest pictures of the transition forms. 
Previous authors have, however, generally considered only the 
formation of the yellow from the white spheres during growth, 
and have not considered the reverse of this process as it occurs 
during the destruction of the yolk. Theengulfing of whole granules 
of (white) yolk by the entodermal cells has been recorded by His 
(00) and others. This I would observe is, if true, not a real con- 
tradiction of my thesis, since these granules doubtless later un- 
dergo the ordinary processes of digestion in the entodermal cell. 
Similarly I would note that the presence of yolk granules in 
follicular cells—demonstrated by many observers—only illus- 
trates the mechanism we have described at work in another cell; 
the classic example of this sort of formation being the fat globule 
in the cell of the intestinal mucosa. On the other hand the finding 
of such granules in a follicular cell is no guarantee whatever 
that the granule is thrown as such from that cell into the egg. 
The granule may here, as in the mucosa cell, again undergo diges- 
tion and pass from it in solution. 
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As regards yolk formation in insects, conditions are peculiar; 
the nurse cell seems here largely to carry out the work of yolk 
formation; while certainly the de-formation process normally is 
carried out by the egg only. 

All observers agree that the outermost layer of yolk in any 
egg or growing odcyte consists of finely granular yolk. If this 
were otherwise our general theory of yolk formation would be 
untenable. Sarasin (’83) was led to the odd idea that the zones of 
the Lacerta egg were developed outermost first, and the central 
ones last. I think our demonstration of the nature of this growth 
in the bird, and the considerations that have followed, will con- 
vince that Sarasin’s view is untenable. 

Yolk spherules have been seen to grow after the egg leaves the 
ovary by Agassiz (’59), Van der Stricht (’07) and others. This 
growth is quite surely due to the spherule taking up by osmosis 
water-particles from the albumen or other fluid encountered by 
the egg; such growth is not of the nature we have described, 
though neither of the above mentioned authors has made the dis- 
tinction. 

In regard to the conclusion of many cytologists that yolk arises 
from the egg-nucleus, and of still others that it arises from the 
follicular cell nuclei, or from these cells in toto, I may append the 
following to show that we can exclude all of these as inadequate 
in the case of the yellow yolk of the fowl’s egg. I have calculated 
that during the last day that a hen’s ovum remains in the ovary 
it may deposit more than 5000 cubic mm. of yolk! Evidently too 
much work for an egg-nucleus. Again, since the radius of such an 
egg is increased by 2.0 mm. per day, this means that if yolk for- 
mation be a function of the follicular cell, each such cell must 
here produce daily a column of yolk 2.0 mm. long and of the diam- 
eter of the cell; that is to say each such cell must form more than 
50 times its volume of yolk per day, or more than twice its volume 
per hour! Evidently too much vicarious labor for a cell. 

It appears then that an exclusive origin of yolk from the nu- 
cleus, or within the follicular cells is impossible in the birds. The 
quantities of yolk laid down daily are amounts compatible with 
substances undergoing physical translocation by osmosis, solution, 
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etc., but not compatible with the probable rate of organic synthesis 
in the restricted regions of either the nucleus or follicular cell. 
It is of course necessary for all of the material entering into yolk- 
formation to pass through or between the follicular cells; but each 
particle of this material may have, by undergoing the synthesis in 
situ in the egg, twenty-four hours or longer to accomplish this; 
whereas we have seen that if it originated within the follicle each 
cell would there have to organize completely its own volume of 
yolk material and empty itself of this more or less solid material 
at least once in each twenty or thirty minutes of the day. 

Since such theories of yolk formation as have been proposed 
are now shown to be inadequate in a case where a test can be 
applied, and since it seems clear that the mechanism of yolk build- 
ing which we have here outlined and described is necessarily: 
present wherever and whenever yolk is formed, there is at present 
no valid reason for believing that any dissimilar method of yolk 
formation exists. 

In a certain sense, no general theory of yolk formation has as yet 
been stated. That is to say, no outline of the processes involved 
in yolk-building and of the conditions affecting these processes 
has been attempted, and our own effort leaves at least important 
chemical phases of the problem quite untouched. Previous 
efforts have been largely devoted to features of the histogenesis 
of yolk granules, and to the identification of some cell organ as 
the directive agent of yolk formation. Thus such cell structures 
as centrosome, nucleus, chromatin, nucleolus, mitochondria, 
yolk-nucleus, ete., have each been several times proposed as the 
seat or source of yolk. Whilst for some eggs, particularly those 
in which all of the yolk plainly could not have so circumscribed 
an origin, the seat or source of such yolk was centered upon a sim- 
ilar structure of the follicular cell; yolk particles have some- 
times been described as arising in such cell and later making their 
way through the follicle cell membrane, vitelline, or other egg 
membranes, into the periphery of the egg. But theory usually 
has extended only to the matter of the source of yolk, to the rela- 
tion between the white and yellow granules, or to the designation 
of one or another cell-organ as the directive agent of yolk forma- 
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tion. There has been no theory to cover the long series of points 
involved, some of which are the following: What are the con- 
ditions which permit yolk to form? In what situations and about 
what structures does it form (this point much studied and dis- 
cussed)? What are the processes involved,—what is the mech- 
anism of yolk formation? How are the different forms of yolk 
genetically and chemically related? How account for the vari- 
able amount, distribution, and stratification of yolk? 

The statements concerning cell-organs as directive agents of 
yolk-building have often been quite misleading. This could 
hardly be otherwise since we have had here attempts to ‘explain’ 
a process, not in terms of other processes, but in terms of struc- 
twre—an error not uncommon even in modern biology. One gets 
the idea from some descriptions of yolk formation that the nucleus 
is the absolute, immediate and ultimate source of yolk; and this 
in spite of the fact that yolk is never present within the nucleus, 
but only outside of it. Just how a vanishingly small fragment of 
chromatin, thrust from nucleus into cytoplasm—7.e., into an 
environment so new as to imperil its own existence,—may guide 
and direct the very rapid production of a thousand times its own 
volume of yolk (a new and very different substance from itself) 
we have not been told. Much apparently has been left to the 
imagination of the reader who is evidently expected to bridge for 
himself the gap that exists between the chromatin particle in situ 
and the yolk building process in operatio. But, the high regard © 
which some adherents of this theory have for the kingly chromatin 
evidently persuades them that chromatin particles—which cer- 
tainly are thrown from the nucleus into the cytoplasm, and about 
which traces of yolk certainly are sometimes found—comprise 
material of such superior quality that the base and foreign matter 
which meets their Midas-like touch must turn at once into golden 
yolk! By other workers mitochondria, and still other structures, 
have been similarly endowed with what would seem to be wonder- 
ful and transforming power. The writer would not undervalue 
the great amount of very valuable work that has led to the deter- 
mination of the cell-elements about which yolk forms. But it 
seems to him that much less valuable than this painstaking work 
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are the inferences that have too often accompanied it to the effect 
that the structure about which yolk ts found to form, is itself the 
active agent in the yolk formation. From the facts already brought 
forward we see that whatever the out-wandering chromatin par- 
ticle—the invisible td or biophor—may be able to accomplish 
in directing the course of differentiation in the highly complex 
living cytoplasm, the building of a single inert yolk granule by a 
plainly visible amount of chromatin is a task which clearly quite 
surpasses it! At any rate a task which it does not accomplish. 

Yolk formation as it is indicated by the facts presented in this 
paper may be connectedly outlined as follows: Yolk will be 
formed (1) when conditions are such in the egg, follicular cell, 
food-supply, or organism that excess of food may enter the egg; 
but (2) in those regions only where some excess of food fat (and 
protein) can exist without undergoing oxidation; (8) the main- 
tenance of such excess of food is dependent upon the amount of 
food, or upon marked fluctuations in the amount of food outside 
the egg, and (4) upon the distribution coefficient of the elements 
of yolk in the substance inside and immediately outside of the 
egg, and doubtless by other undetermined conditions within the 
egg; (5) the actual and active processes of yolk increase or decrease 
are essentially identified with the partially known synthetic 
and analytic,—7.e., reversible-action of the-enzymes which act 
upon the constituents of yolk; (6) in the first stages of the growth 
of a (white yolk) yolk spherule the proportion of fats and phos- 
phatids in its composition is small; (7) in later and more com- 
plete (yellow yolk) stages the proportion of these constituents 
is large. | 

In my opinion what we now most need to know is how those 
conditions arise which permit yolk-building to begin. We need 
further knowledge on*points (1) and (2) of the above. That is, 
we need to know why an unusual amount of food enters the egg 
at this particular time in its history. At present we do not know 
whether such cause lies inside or outside the egg. Again, what is 
the source of those reduction centers where foods which yield 
energy so easily as do the fats may not undergo oxidation but be 
built unchanged into yolk? It is possible, of course that nucleus, 
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chromatin, mitochondria, or centrosome, etc., of the egg, may 
later be shown to have special causal significance with regard to 
such changes in amount of food-intake, or with the production 
of reducing centers, which we now recognize as basic and unknown 
features of the cunditions which primarily initiate yolk formation. 
If so, then such cell-structure will have been shown to bear indi- 
rect causal relation to a result which it was formerly credited 
with ‘causing’ directly; the test of this hes with the future. But, 
some at least, of the more direct and immediate features of yolk- 
building are quite certainly those which have been described in 
these pages. 
SUMMARY 


1. A method of measuring the rate of growth of large, rapidly 
growing ova has been found. It consists in feeding, at known 
intervals, the fat stain Sudan ITI to animals developing such ova. 

2. Ova of the common fowl smaller than 6 mm. in diameter 
grow extremely slowly as compared with ova of larger size. 

3. The time interval between the beginning of rapid growth of 
the 6 mm. egg, and the breaking of the egg from the ovarian folli- 
cle (ovulation) is normally between five and eight days. In most 
cases it is either six or seven days. 

4. The radii of ova which are larger than 6 mm. usually 
increase nearly 2 mm. during each twenty-four hours. 

5. The thickness of a layer of white yolk together with an 
adjacent layer of yellow yolk is nearly 2 mm. 

6. A pair of such yolk layers is therefore produced during 
each twenty-four hours. 

7. We conclude that the layer of white yolk in the hen’s egg 
is laid down during poorer nutritive conditions obtaining in the 
later hours of the night (1-5 a.m.) and that the yellow yolk is 
deposited during the better growth conditions of the rest of the 
day. ; 
8. Reasons are found for believing that white yolk wherever 
found is but a stage in the formation, or the de-formation, of yellow 
yolk. That it remains as the final form of yolk, only where it is 
slowly grown or is halted by sub-optimal growth conditions. 
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Yellow yolk, on the other hand, probably indicates, wherever 
it is found in ova, rapid growth under better nutritive conditions. 

9. The presence of alternating layers or zones of yolk (Schich- 
tung) in the ova of some animals thus receives an explanation. 
A period of poor nutrition corresponds to each of such zones of 
white yolk; a period of better nutrition to each layer of yellow 
yolk. 

10. The time of formation of a pair of such zones is known in 
the birds to be one day; in the turtle and myxinoid perhaps a 
year; in the skate possibly nearly a month; in the lizard this is 
quite unknown. 

11. This ‘Schichtung’ of the yolk, and other peculiarities of 
yolk distribution, have produced great similarity in the gross 
morphology of eggs of widely separated forms, e. g., selachian and 
bird; amphibian and marsupial. We can be confident that such 
similarities do not depend upon heredity in a strict sense, but 
upon the fact that these eggs have developed under like con- 
ditions. 

12. The gross chemical composition of white and yellow yolk, 
and of yellow yolk undergoing de-formation or digestion (a) by 
the embryo and (6) by the follicular cells, have been determined 
and comparisons made. | 

13. White yolk contains much more water, proteid, and extrac- 
tives, and much less fat and phosphatid than does yellow yolk. 

14. When yellow yolk is digested, in either of the two situa- 
tions named, its constituent parts are not digested, utilized, and 
absorbed at a uniform rate; but in such a way that the compo- 
sition of what remains approaches the gross normal composition 
of white yolk. In such digestion fat and phosphatid are broken 
down more rapidly than is protein. 

15. The immediate mechanism of yolk formation and of yolk- 
de-formation are the same. Chiefly involved are two factors— 
not previously applied here—which we recognize as (a) the rever- 
sible action of enzymes, and (b) the partition coefficients of the 
several constituents of yolk. 

16. The presence of the native lipochrome coloring matter 
—vitello-lutein—in the large spherules of yellow yolk only, is © 
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probably due to the fact that these spherules contain much fat, 
and the lipochrome pigment is soluble in fat and fat solvents only. 

17. The origin of the yolk of the fowl’s egg from the nucleus 
of this cell, or from the nuclei of the follicular cells, is shown to 
be impossible. It is not probable that the essential features of 
yolk synthesis in any egg resides in either of these alleged sources. 

18. An attempt is made to outline the processes involved in 
yolk formation. 
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PLATE 1 
EXPLANATION OF FIGURES 


All figures natural size. 1-6 and la-6a represent series of ezgs grown simultane- 
ously in two Sudan-fed hens. About 20 milligrams of Sudan fed to each hen at, 
2p.M., January 27, and at 10 a.m., January 30 (sixty-eight hours). 

The bird bearing series la—6a killed February 2, 10 a.m. (70 hours after last Sudan 
began to be deposited in yolk). 

1 Egg laid January 27, with pear-shaped, more solid ‘waxy’ interior; also two 
prominent circles of ‘modified yolk’ near periphery. 

2 Egg laid January 29. The outer border line here represents Sudan deposited 
from feeding of January 27. This layer was 1 mm. in thickness. The two cir- 
cles of ‘modified yolk’ showing here as in figs. 1, 3 and 4. The size of each of the 
yolks at the time of the modification is indicated by these circles. 

3 Egg laid January 31; see above. 

4 Egg laid February 2. Two layersof Sudan. Thetime between Sudan feedings 
was sixty-eight hours; the amount of yolk deposited in this egg during that time 
was 6.2mm, = 2. 2. mm. in twenty-four hours. Section nearly in plane of germ. 

5 Egg laid February 4. The two layers of Sudan here as in fig. 4, were 6.2 
mm. apart = growth of 2.2 mm. in twenty-four hours. Section at right angles 
to plane of germ. 

6 Egg laid February 7. Shows spreading, or dilation, effects in Sudan layers. 
Apparently the ‘spreading’ is mostly outwards, though this figure well repre- 
sents neither the position nor the condition of each layer. This effect noted in eggs 
that have remained long in ovary, or, as in this case, in laboratory at high tem- 
peratures. 

la Egg laid January 27. To unaided eye the outer 10 mm. of one side of this 
egg showed very plainly six pairs of yolk layers = 1.67 mm. each. Interior con- 
tained somewhat solid, waxy body 15 X 10 mm. 

2a Egg laid January 29. Seven very distinct pairs of layers of white and yellow 
yolk. The white yolk represented by dotted lines; the yellow yolk by the spaces 
between these. Probably another layer central to those indicated in figure. 

3a Hgg 40 X 27 X 28 taken from oviduct (see first statement above). Inner 
borders of two Sudan layers are 4 mm. apart = 1.41 mm. growth per twenty- 
four hours. Section through plane of germ. 

4a Egg 31 X 26 X 28 from ovary (February 2). Distance between inner borders 
of Sudan lines = 3.6mm. = 1.3mm. intwenty-four hours. Section nearly in plane 
of germ. Figs. 3a and 4a show the spreading or diffusion of Sudan in the region of 
the germ. Distance between inner border of outer Sudan layer and periphery = 
5.mm.; this growth of seventy hours = growth of 1.7 mm. in twenty-four hours. 

5a Egg 24 X 21 X 20, from ovary (February 2). The first feeding of Sudan 
(January 27) left but faint traces of the dye in this small egg (see small crescent). 
By mistake the inner border of the thick layer of Sudan of this figure was placed 7 
mm. from periphery instead of 5 as it actually was. This 5 mm. = growth of 
seventy hours = 1.7 mm. growth in twenty-four hours. 

6a Egg 15 X 16 X 19, from ovary (February 2). Smallest egg in which trace of 
Sudan was present; this somewhat diffuse and indicated by dotted circle. From 
inner border of circle to periphery = 4.8 mm. the growth of seventy hours = 1.64 
mm. growth in twenty-four hours. 

All eggs are drawn as perfect circles, although, as is indicated above, the boiled 
yolks quite constantly show three unequal diameters. 
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PLATE 2 
EXPLANATION OF FIGURES 


Figures all drawn twice natural size, and then reduced one-sixth. 

1 Section at right angles to germ of an egg( 32 X 30 X 28) that showed with 
schematic clearness its rate of growth. The Sudan deposited in the first (inner) 
broken line was fed forty-eight hours before a following feeding. Thereafter the 
feedings of the dye were made at thirty-six hour intervals. A growth of 1.8 mm. per 
twenty-four hours is indicated for the three intervals of thirty-six hours. 

2 Through germ of egg, 33 X 29 X 27. Shows well the manner of deposit of dye 
(and therefore of yolk) in immediate region of germ. The fan-shaped figure of 
dilute Sudan lying deeply beneath the germ is perhaps however not a correct pic- 
ture of the original position of the dye, but a ‘spreading’ effect. The first two feed- 
ings of Sudan were here twenty-four hours apart; the next forty-eight hours and 
the last, twenty-four hours later. A growth of 1.5mm. per twenty-four hours is 
here indicated for time between first and last feedings. 

3 A-series of small ova (4-7.5 mm. in diameter) from the ovary of a laying hen 
which had been once fed about 25 milligrams of Sudan and killed on following day. 
Only three of these ova (6.5 to 7.5mm.) showed any trace of the dye. In the draw- 
ing of the egg of 7.5mm. the position of the layer of dye was placed two mm. too 
near center of egg. The number along side each ovum indicates its actual diameter 
in millimeters. The egg of 7mm. was of special interest. After lying in a quantity 
of Mann’s balanced formalin-alcohol solution for a few weeks the striated appear- 
ance of the outer portion of its white yolk was visible with binocular. The lower 
right hand figure is an attempt to represent the structure of the outer 1.75 mm. of 
the 7mm. egg. Eight strie could be here distinguished. Apparently therefore 
the strie have a thickness of about 0.25 mm. The stain was found to be confined 
to the large, yellow yolk granules. 

4 Egg, 34 X 29 X 31, through plane of germ. Central heavy irregular lines 
are from Sudan feeding three days apart. Bird was laying at long intervals and 
next feeding delayed ten days and following this two feedings two days apart. 
This egg therefore at least seventeen days in developing. But its abnormality is 
evidenced by the crumpled appearance of the innermost layers of Sudan (the cor- 
ners of innermost layer are too sharp in drawing) and by a curious depression of the 
germ. Another peculiarity of this egg was its presentation of a brightly Sudan- 
colored vegetative pole (the stratum of dye here near surface), and a normally 
colored animal pole (except for the small depressed region of germ). 

5 Later egg, sister tono. 4. Much morerapid growth thanin4. First two feed- 
ings thirty-six hours apart; others twenty-four. A growth of 1.3 mm. per twenty- 
four hours is here indicated. 
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PLATE 3 
EXPLANATION OF FIGURES 


The distribution of white and yellow yolk in the ova of vertebrata with special 
reference to zonal or lamellar formation. 

1 Egg of tortoise, Clemmys (from Munson, ’04), c.c. = cytocenter (centro- 
sphere); y.c. = inner cytocoel of Munson, and what I should call inner or first 
layer of white yolk; 7.y.l. = inner yolk layer of Munson, and inner or first yellow 
yolk layer I have called it: o.cy.c = outer cytocoel or second layer of white yolk; 
o. y. l. = outer yolk layer, or second layer of yellow yolk; s. c. 1. = subcuticular 
layer. 

2 Mature egg of Petromyzon (from Herfort, ’00). Very small granules in the 
external odplasm, gradually merging into the large granules and large vacuoles 
of internal odplasm. 

3 Nearly grown egg of Phascolarctus (marsupial) (from Caldwell, ’87). The 
darker crescentic body is coarsely granular yellow yolk; the clear area around the 
nucleus, which is also continued around the periphery of the entire egg is of finely 
granular white yolk. 

4 One end of large (3 em. long)egg of Bdellostoma (eyclostome) to show stratifi- 
cation of its yolk (from Dean, ’99). The fine curved lines represent points richest 
in minute yolk-spherules (white yolk). 

5 Mature egg of Ichthyophis glutinosa (amphibia) (from the Sarasins, ’87) 
6 X 9mm. with central ‘latebra’ of white yolk; this connects above with the germi- 
nal vesicle, forming a nucleus of Pander beneath the latter. 

6 Mature egg of Torpedo (from Riickert 99) in meridional section. The lens- 
like germ above. A central ‘latebra’ without stratification (Riickert says this is 
composed of dark, not light, substance). The dark layers are composed of loosely 
bound, but larger yolk platelets (white yolk?); the wider lighter strata of more 
closely packed but somewhat larger platelets (yellow yolk?). 

7 Hen’s egg photographed to show something of the concentric deposition of 
Sudan III. Dark lines = Sudan; these bright orange-red in original. The appear- 
ance here is very similar to the always less evident stratification of white and 
yellow yolk; the™narrow lines of Sudan in the photograph simulating the faint and 
narrow lines of the white yolk. 

8 Part of immature egg of Lacerta (from Sarasin, ’83) showing well-marked 
layers of white and yellow yolk (I infer that the dark lines represent white yolk); 
about one-fourth of egg is here shown. The germinal vesicle lies just outside the 
figure, above and to the right; all layers are seen to converge toward it, and to 
become gradually modified in its vicinity. 
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INTRODUCTION 


In the course of investigations carried on by the writer during 
several years, certain facts have come to light which seem to 
have important bearings upon several problems of general 
ontogeny. Invarious papers phases of these have been suggested, 
but only incidentally has any attempt been made to discuss their 
significance or their probable correlations as developmental 
phenomena. With further investigations still additional facts 
have been observed, and similar investigations by others have 
tended to convince me of their importance in a still larger degree. 
When the honor to codperate in the preparation of this memorial 
volume was submitted, it seemed that no more appropriate sub- 
ject came within the scope of the writer’s researches than that 
involved or implied in the above caption. 

My introduction to coelenterate morphology began many years 
ago with the problem of the origin of sex-cells, a subject at that 
time brilliantly exploited by Weismann, whose “‘Entstehung der 
Sexualzellen bei den Hydromedusen, Zugleich ein Beitrag zur 
Kentniss des Baues und der Lebenserscheinungen”’ (’83), has 
long been a recognized classic in its line. It was ably supple- 
mented by the hardly less brilliant researches of Metschnikoff 
(86), ‘“Embryologische Studien an Medusen. Ein Beitrag zur 
Genealogie der primitiv Organe.”’ 

The first contribution to the subject by the writer was a very 
brief and tentative paper before Section F, of the American Asso- 
ciation for the Advancement.of Science, in 1889. It was adversely 
commented upon by one who had accepted without question the 
then prevalent dogma that Hydrozoa were distinguished from 
all other Cnidaria by the origin of the sex-cells exclusively from 
the ectoderm. Under this adverse criticism no further utter- 
ance was made on the subject for several years, though there was 
no lapse of interest or investigation. 

In the meantime, an observer here and there had dared to 
question the conclusiveness of the earlier dogma. Little by lit- 
tle facts were accumulating which cast further doubts upon the 
matter, and even compelled the conclusion that Weismann’s 
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fundamental contention was inconclusive. Results to be cited 
from various sources will tend to show that the early attempt to 
formulate a general theory of embryogeny on the basis of the origin 
of sex-cells was no less defective and inadequate than it was hasty. 

For some time past phases of my researches have forced the 
impression, which has deepened as the investigations have 
extended, that not a few of the earlier views as to coelenterate 
ontogeny were seriously defective, or absolutely in error at many 
points. Certain of these I have taken occasion to point out from 
time to time, as occasion arose. The purpose of the present paper 
is two-fold: First, to submit accounts of the development of 
several species of Hydromedusae which have been under inves- 
tigation for some time; and secondly, to point out certain errors 
as to the ontogeny of the groups which, from various reasons, 
had become associated therewith. 


MATERIAL AND METHODS 


1. Material. The material upon which the results herein 
described are based (with the exception of that of Pennaria 
australis, for which I am indebted to Mr. Edgar J. Bradley, of 
Australia, to whom my thanks are hereby acknowledged) was 
collected by the writer at various times within the past two years, 
and chiefly in the immediate vicinity of Woods Hole, though 
some of that of Clava was collected at Harpswell, Maine. It is 
a pleasure to express my thanks to the directors of these labora- 
tories for various courtesies. 

Attention will be given primarily to two species of Pennaria, 
and to a single species each of Clava and Hydractinia. Other 
species will be given attention in relation to the several problems 
with which the paper has to do. 

2. Fixation. In my earlier work great difficulty was encoun- 
tered in reference to killing and fixing reagents. For killing my 
first lots of eggs of Pennaria picro-nitric and picro-sulphuric solu- 
tions, then much in vogue, were used; but to my sorrow these 
were found to be almost worthless. This was particularly the 
case with picro-sulphuric. Almost the whole of one summer’s 
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collection was absolutely worthless by reason of the almost exclu- 
sive use of this reagent. 

Hermann’s and Flemming’s solutions afforded fairly good fixa- 
tion, but subsequent staining was very difficult. Perenyi’s 
solution was absolutely worthless with both Eudendrium and 
Pennaria material and has since been discarded. ‘The only solu- 
tion which gave reasonably good and fairly constant results was 
a strong solution of corrosive sublimate to which had been added 
5 per cent of glacial acetic acid. 

In later work I made use of various solutions of formaldehyde, 
but with only fair results. A 10 per cent solution in sea-water 
gave a good general fixation for immediate use. Combination 
with corrosive did not seem materially to better it. There was 
found also to be great variability in different species as to this 
matter. This was particularly apparent in eggs heavily yolk 
laden as compared with those in which yolk was lacking, or pres- 
ent in only small quantities. There was also great difference in 
later differentiating other cytoplasmic elements. For example, 
in the peculiar proteid granules present in eggs of Clava the first, 
and only satisfactory reagent was picro-acetic acid (p. 217, 
Biot Bulk, vol,10706); 

In 1906 my attention was directed to Bouin’s picro-acetic- 
formol. It was thoroughly tested upon eggs of Pennaria and 
Hydractinia, and was found to be far superior to any thus far 
employed. I have since used Zenker’s fluid with good results 
in fixation of eggs of several species. It is worth while to empha- 
size the importance of this feature of fixation, especially as it 
relates to coelenterate material. I have called attention to this 
in several previous papers, but it is absolutely imperative in 
order to warrant trustworthy results that particular attention 
be given to this matter. 

3. Imbedding. In another respect I have learned to my cost 
the importance of prompt working up of coelenterate material 
after fixation. Attention was directed to this point in my paper 
on Pennaria (’04b, p. 455). This precaution has been abun- 
dantly confirmed by later experience, and I take occasion here to 
emphasize its importance once more. The value of this has been 
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vouched for by Smallwood (’09). My present method in this 
particular is to imbed the material in paraffine as early as possible 
after reasonable time has been given for proper hardening and 
dehydration. ‘This imbedded preservation may apparently be 
indefinitely prolonged without detriment. But in my experience 
it is impossible to preserve material of this group for any consid- 
erable period in alcohol without having it suffer considerable 
deterioration. This is particularly the case with those cytologic 
factors of mitosis and allied features so important in modern 
problems of embryology. 

4. Staining. This, like the matter of killing and preserva- 
tion is one of much importance and of varying grades of diffi- 
culty, as it related to the problem under review. As in the pre- 
ceding, I had long since called attention to the extreme difficulty 
in the staining reactions of coelenterate material. This was most 
marked, in my experience, in the eggs of Eudendrium and Pen- 
naria. Others have also found similar difficulties with this phase 
of technique. G. T. Hargitt (09, p. 163) has recently devoted 
some attention to the subject, and my own results have been 
confirmed by those described in his paper. 

Difficulties experienced in my earlier work in Pennaria, and the 
later work on Clava, were such as to leave doubt, particularly 
in relation to the phenomena of maturation, leading me to con- 
clusions, tentatively adduced, which subsequent work has not 
‘confirmed, as shown by G. T. Hargitt (op. cit.) and Smallwood 
(09), and by facts herein described. 


OBSERVATIONS 
A. Pennaria 


Except for additional facts which have come to light in rela- 
tion to a species of Pennaria, the development of which has been 
hitherto unknown, no particular attention would be given to the 
subject in this connection. Since the issue of my detailed paper 
on the early development of Pennaria tiarella (’04), repeated 
observations on the living eggs have confirmed my previous 
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results in every detail, so far as the general facts are concerned. 
I think it may now be regarded as beyond doubt or cavil that 
these results, anomalous as they may appear, are absolutely normal 
and conclusive. Furthermore, when analogous cases to which 
I had directed attention, and others to be cited in a later con- 
nection, are taken into consideration, it seems rather strange that 
“early cleavage differing widely from what we have come to 
think as typical’ should be given as adequate grounds for a reéx- 
amination of the case! However, when it is recalled that, with 
certain investigators, it is more important to reduce vital phenom- 
ena to a set of formulae, or to corral all development within a 
common law than to recognize facts as they are, the wonder is 
less strange than it might at first seem! But additional facts 
are now available from a most unexpected source, and of such 
character as to remove any further grounds for question or doubt. 

Somewhat over a year ago I had the good fortune to receive 
from Mr. Edgar J. Bradley, of Adelaide, Australia, a collection 
of hydroids, and along with them several colonies of Pennaria 
australis Bale, together with the meduse and eggs, which had been 
taken in tow-nets just at the height of the breeding season. The 
only feature of regret as to the eggs is that they had not been 
preserved in other than weak formalin, in order to have made 
them available for cytological study. But, as it is, they show in 
surface study the external aspects of developmental behavior to 
such perfection as to leave little to be desired. Figures 5 to 8 
are sketches of a few of these stages, which speak for themselves. 
As will be seen at a glance, they duplicate in a most striking way 
similar stages in the development of Pennaria tiarella. If one 
were to pass under review separate séries of eggs of the two spe- 
cies, without pains to have critically determined them in advance, 
it would be practically impossible to say which belonged to the 
one species and which to the other. There are the same ecto- 
sarcal features,—papille, bridges, strands, etc., in both; the same 
bizarre, amoeboid characters, the same anomalous phases of 
cleavage, ‘every egg a law unto itself’, and finally the same end 
resultant, a normal embryo. Later phases of development of 
the Australian species were not present, hence further compari- 
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son was impossible, though there is no reason for doubt as to 
its subsequent similitude and results. A comparison with figures 
1 to 4, of Pennaria tiarella, will make this more evident. 

The fact that these eggs had been taken with the tow-net 
in the open harbor, and had been preserved shortly after in for- 
malin, leaves no grounds for serious question as to their normal 
condition, and confirms completely the results of my own pre- 
cautions (’04b, p. 474), to guard against possible effects of arti- 
ficial conditions of the laboratory. These additional facts, 
together with others of like character which have since come to 
our knowledge, especially those described by Brooks and Ritten- 
house (07) must suffice once for all to establish the perfectly 
natural and normal phenomenaof extremely erratic and indetermi- 
nate modes of cleavage and consequent organogeny. 

1. Cleavage. ‘There is nothing new to add concerning the 
cleavage features of the eggs of Pennaria tiarella. Concerning 
this feature in Pennaria australis little attempt will be made to 
give detailed descriptions. The figures cited will afford all that 
is necessary as to the general surface aspects. As already stated, 
there is such essential conformity in every respect to the corre- 
sponding stages in Pennaria tiarella that there seems small occa- 
sion to do more than refer to the figures and descriptions of the 
former paper (’04b). While the fixation does not give material 
fit for cytologic details, it is fairly good for general comparisons. 
Eggs carefully stained and cleared show fairly well the general 
internal conditions, and here, as in the surface features, there is 
essential likeness to corresponding stages in Pennaria tiarella. 

2. Nuclear aspects. Brief reference may be made to a few 
points under this head. 

Fragmentation. In several of my earlier papers (’04b, pp. 
460-1), attention was called to certain nuclear phenomena of 
a rather peculiar character. Among these was what seems to be 
a rather promiscuous dissolution, or disintegration of the nucleus 
and the dispersion of the greater portion of it into the cytoplasm. 
To designate this process I used the term fragmentation, long 
previously employed to designate phases associated with direct 
nuclear division, and apparently first employed by Van Beneden 
(Wilson, the Cell, p. 64). 
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In recent papers both Smallwood (’09) and G. T. Hargitt (’09, 
pp. 197-8), have expressed doubt as to the process in the eggs of 
Pennaria, the latter stating that ‘“‘no sign of its fragmentation 
has ever been seen.”’? But in the following sentence he adds, 
“the supposed disappearance of the germinative vesicle at this 
time, I believe to be due simply to the usual dissolution of the 
nuclear membrane and the mingling of karyoplasm with cyto- 
plasm.” 

Smallwood expresses similar doubt, saying: 

If by fragmentation of the nucleus is meant that the entire nucleus 
disappears and its contents disperse throughout the cytoplasm, then 
I find no evidence of such a process in these hydroids. But what shall 
be said of the chromatin changes before maturation in Hydractinia 


and in Pennaria after maturation, where large quantities of chromatin 
migrate into the cytoplasm? (Op. cit., p. 228.) 


It was chiefly in this latter sense that I had used the term, 
and observations of Coe, Lillie, and others were cited in support 
of facts found in Pennaria. It may also be admitted that there 
seemed to be evidences of the entire dispersal of nuclear substance 
through the cytoplasm and their subsequent reorganization into 
new nuclei. (06, p. 227, etc.). Further reference to this will 
be made in another section. 

Contention for fragmentation was based almost wholly on 
chromatin behavior. The facts which I urged in this connection 
were those involving, first, the enormous dissipation of chromatin 
and its absorption by the cytoplasm, during the phases of matu- 
ration; and secondly, the achromophilous condition of the chro- 
matin at a slightly earlier time. These facts have not been disputed. 
Whether my inferences or interpretations are valid is quite another 
matter. As to that upon which I have laid most stress, viz., 
the disintegration and dispersal of a preponderating portion of 
the chromatin, certainly not less than 90 per cent in many cases, 
and that it has little or no subsequent function as chromatin, 
—I am still firmly convinced of its validity and of the vast sig- 
nificance it involves as to chromosome theory. 

Concerning the achromophilous condition above referred to, 
I have little to add to my previous accounts. G. T. Hargitt 
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(09, p. 165), whose detailed experiments on differential staining 
have surpassed my own, was perplexed as to this condition. 
“At the end of the growth period, the nuclear reticulum shows so 
little affinity for basic stains that there appears to be, so far as 
this test shows, no chromatin present in the entire nucleus. I can 
suggest no explanation for this peculiar condition of the chromatin 
at this period, but it is normal and characteristic of this stage.”’ 
I am now convinced that there is here a chief ground for my fail- 
ure to distinguish certain phases of maturation, and my subse- 
quent error in the assumption of their possible suppression or 
modification in certain cases. 

3. Amuatosis. Concerning a further problem, that of amitosis, 
I amin doubt so far as Pennaria is concerned, even as at the time 
of my previous work. My chief grounds for this view are the facts 
first cited, and those of the multivesiculate aspects of the nucleus 
during cell proliferation. And here again Smallwood and G. T. 
Hargitt (09), and iater Beckwith (09), all confirm my basis of 
facts. They find in these vesiculate nuclear conditions essentially 
the same results which are described in my accounts. Without 
exception their interpretations differ from mine. To them these 
facts are believed to be obscure phases, chiefly telophases, of 
mitosis. While I freely admit the force of their contentions, 
there are still good reasons for maintaining the plausibility of 
my own views and interpretations. This is especially the case 
concerning Hudendrium. Here there seemed to be clear and posi- 
tive examples of amitosis, as shown in fig. 238, a and b, plate 
15 (04a). It may not be amiss to state here that all these exam- 
ples of amitosis occurred in association with those ‘nuclear nests’ 
so intimately involved in the syncytial phase of development con- 
cerned in entoderm formation. The conditions are somewhat 
different in Pennaria, yet sufficiently similar to lead one to anti- 
cipate similar processes, and these appeared probable in the vesi- 
culate ‘nuclear nests’ mentioned above. But in no case were 
there found the specific and positive examples figured in the case 
of Eudendrium. The same must also be said of Clava. But fur- 
ther discussion of this will be reserved for a later section. 
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B. Hydractinia echinata Flem. 


During the summer of 1907 I was fortunate in securing large 
numbers of this hydroid in the height of its breeding season, and 
took occasion to study the development and life history of the 
species. Some account of the life history has already been given 
(08) which obviates any call for emphasis here on this point. 
The early development was studied from living material during 
two summers and at the same time material was carefully pre- 
served for cytological study. This latter was turned over to my 
colleague, Dr. Smallwood, and his results have already appeared 
(09). It only remains for me to submit such accounts of my 
observations as seem important in order to afford a more or less 
complete and connected description of phases of development, 
especially when correlated with Smallwood’s account referred 
to above. 

There are numerous points of difference between my observa- 
tions and those of Bunting (’94), some of which may be due to the 
fact that her studies were restricted to material obtained from the 
small colonies living upon shells occupied by hermit crabs, while 
my material was derived chiefly from colonies of enormous size, 
obtained from piles of docks or similar habitat, but with compari- 
son from the former sorts. As pointed out in the paper referred 
to above (’08, p. 98), there is no adequate reason for regarding 
these hydroids as other than a single species, hence any differ- 
ences to be cited must be incidental rather than fundamental. 

One of the first points of difference to be noted is concerning 
the time at which the liberation of sexual products takes place. 
According to Bunting this is between the hours of 9:30 and 10:30 
p.M. That it occurs during the night I have repeatedly demon- 
strated. Further, that it may occur in certain cases about the 
time stated by Miss Bunting, I have also found true. But that 
it may also occur at a much later hour, and also at varying hours, 
I have also found to be the case. Some of the best cleavage 
series obtained, especially for the very early stages, were in the 
mornings from seven to nine o’clock. That is to say, the eggs 
had been deposited some time after midnight, and at the hours 
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named were in early stages (two- to eight-cell) of cleavage. This 
would seem strongly to indicate their deposition at perhaps five 
or six o’clock in the morning or thereabout, as recorded in my 
notes of July 11th and 12th. In other cases development had 
reached the morula stage at nine a. m., which would lead to the 
conclusion that liberation of sexual products had occurred about 
midnight. While it is true that in many hydroids the liberation 
of eggs and sperm occurs at a fairly constant time, yet there 
are others in which this is not the case, and in which such ripen- 
ing and discharge is a more or less continuous process during the 
breeding period. _ 

The character of the egg is much like that of Pennaria, though 
it is much smaller. Both are alike in general texture of proto- 
plasm, contain yolk, and similar inclusions. There is present a 
pigment similar to that in the eggs of Pennaria, though less marked 
in color. Like those of the latter, the eggs are devoid of a defi- 
nite membrane. They are rather heavy and sink promptly when 
set free. By reason of this it was practicable to suspend colonies 
in shallow vessels within wire baskets under docks in freely cir- 
culating water and with little liability of their being lost. This 
was a matter of some importance; for, despite the best precau- 
tions, these hydroids soon deteriorate in vitality under the arti- 
ficial conditions of the laboratory, while by suspending them in 
open waters about the docks they thrive almost as if in the natural 
habitat. 

1. Cleavage. So far as I am aware the only definite work on 
cleavage of Hydractinia is that of Bunting (94). In this paper 
we have a characteristically symmetrical portrayal of the process. 
In general surface aspects it 1s represented as almost mathemat- 
ical in its regularity and symmetry. 

That the earlier cleavage phases in perhaps a majority of the 
eges conform to this in greater or less degree is probably true. 
But that it represents with any degree of accuracy the average 
behavior of this phenomenon as a whole none who had carefully 
followed it could for a moment admit. It has been difficult to 
conceive how, except by a selective process, any such account could 
have been formulated. It is quite easy to see that by directing 


504 CHARLES W. HARGITT 


attention only to eggs which exhibited the regulation aspects 
of cleavage, and disregarding, as abnormal, those of differing 
aspects, Just such an account might easily have been made up; 
and this in all probability may have been the method followed. 

It is not strange that under prevailing conceptions as to for- 
mulated ‘laws of cleavage’ this method might naturally have 
been adopted. In the case of Pennaria the present writer delib- 
erately disregarded an entire batch of eggs which were so erratic 
in behavior as to suggest the probability of pathological condi- 
tions. But, by whatever method one may explain the matter, 
certain it is that there is a measure of irregularity in a large pro- 
portion of the eggs of Hydractinia, especially after the third or 
fourth cleavage furrows, which at once takes them out of the usual 
category of geometrical order or symmetry and puts them, if not 
in the Pennaria class of chaotic irregularity, at least consigns 
them to the category of the indeterminate and unsymmetrical. 

However, it is not my purpose, in thus discrediting an account 
which gives so inadequate and misleading an impression, to goto a 
similar extreme in the other direction and convey the impression 
of predominantly erratic cleavage. On the contrary, let it be 
noted that in perhaps a majority of the eggs of Hydractinia echi- 
nata the cleavage, while seldom exhibiting an approach to geo- 
metric order or symmetry, is yet more or less regular and orderly. 
In such cases cleavage begins, as usual, at the animal pole, cut- 
ting vertically downward, and generally divides the egg into sym- 
metrical halves, which adhere to each other by a narrow band, or 
connective of cytoplasm at the lower pole. The second cleavage 
likewise may begin at the upper pole and at right angles to the 
previous division, or may begin at the center and work outward, 
thus dividing each half into symmetrical fourths, giving a fairly 
tvpical four-cell stage. The third cleavage, which is usually equa- 
torial, often begins at the center and extends toward the periph- 
ery, a process more or less common in eggs of hydroids. The 
subsequent phases may continue more or less orderly as in earlier 
stages, but often grow increasingly irregular and independ- 
ent, though resulting in a symmetrical embryo. On the other 
hand, figs. 14 to 22, which are camera sketches of living eggs, 
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show how strikingly irregular and unsymmetrical cleavage may 
be in eggs of a given lot, developing under identical conditions. 
But in these cases the first two of three cleavage furrows are more 
or less symmetrical. In not a few, however, cleavage is dis- 
tinctly erratic from the first, the first furrow dividing the egg 
into very unequal portions. In such cases the irregularity be- 
comes usually increasingly more so as cleavage goes forward. 

A very interesting case is that shown in figs. 9 to 138, which 
occurred at irregular intervals within a period of about forty 
minutes of constant observation during which the sketches were 
made. The egg was kept under observation for several hours, 
or till the morula was apparently completely formed. Fig. 9 
shows what may be regarded as a four-cell stage, the central 
portion comprising the main body of the cell, while at opposite 
poles are three other blastomeres, in each of which the nuclei 
were distinctly visible. In fig. 10 the small blastomere at the 
upper pole has divided, so that now we have a five-cell stage. It 
remained in this condition about fifteen*minutes, when a most 
curious thing happened, the small blastomeres, x and y,being 
the factors of most interest. At first the blastomere y became 
detached from its connection with the cell body as shown in the 
figure, and later the other blastomere x did the same thing, both 
thus becoming absolutely free, in which condition they contin- 
ued about thirty minutes. At the end of this time they resumed 
division and went forward to complete segmentation and formed 
what seemed to be a perfect, though very small morula, shown in 
fig. 11, b. The other portion exhibited something of the same 
tendency. For example, the small blastomere z cut itself free 
as had y, but it later drew back and, fusing with the cell body, 
continued as an integral part of the egg in its later development. 
Figs. 12 and 13 show the general aspects of this portion, which 
went forward normally and became a perfect morula and later 
gave origin to a normal planula. The small segment exhibited 
the same aspects, but later in the day began to show signs of 
degenerative tendency and finally disintegrated entirely without 
assuming the larval condition. ‘This can hardly be ascribed to 
its minute size, for other embryos, which were otherwise appar- 
ently similar in every way, suffered the same fate. 
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Among the anomalous aspects of cleavage which I have en- 
countered in the development of these and other hydroid eggs 
not the least singular or significant is the occurrence, now and 
then, of what may be designated as blastomeric autotomy. That 
is to say, occasionally one finds during the earlier stages of cleav- 
age, most commonly at the first, the complete separation of the 
primary blastomeres, which continue to develop as independent 
eggs, and from which independent embryos arise, giving origin 
to two polyps. I have called attention to something of this in 
Pennaria. The same thing has been found in at least two cases 
in Hydractinia. In one case actually followed from beginning to 
end the sequence of events may be briefly described. At the first 
cleavage of an egg which was in a marked degree unequal, the 
two blastomeres separated entirely, each part developing quite 
apart, and in a perfectly independent fashion. One of these seg- 
mented in a fairly regular and symmetrical fashion, while the other 
portion was markedly irregular from the first. It should be ob- 
served that the rate of cleavage in the former was much slower 
than in the latter, which exhibited a marked tendency toward 
amoeboid aspects as shown in the figures already cited. 

It seems perfectly clear, therefore, that we have in these aspects 
of development a perfectly normal, and not particularly rare 
mode of segmentation, involving the origin of two, and probably 
even three or more embryos from a single egg, in a perfectly 
natural and spontaneous way. 

Among these anomalous aspects, which were numerous as well 
as various, those shown in text figs. 4, B and C will be interesting. 
In this case the first cleavage was about normal, beginning at the 
animal pole and extending downward to the lower, where the 
blastomeres remained attached by the connective shown in fig. 
A for some time. The second cleavage was the not unusual type 
shown in fig. B where it was directed centrifugally and in a hori- 
zontal instead of a vertical plane; and as it continued the connec- 
tive was resorbed, leaving the two blastomeres quite free for a time 
during which they moved into the position shown in the figure, 
when the vegetal blastomere of the one side came into contact 
with the animal blastomere of the opposite part, in which posi- 
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tion they fused and remained for some time. Fig. C shows the 
condition when the four-cell stage -had been established. As 
will be seen, the blastomeres had rotated until they became, as 
it were, fitted into close contact with each other, and the devel- 
opment of another connective bound them in that relation for 
some time. It may be noted that later development went for- 
_ ward with average regularity. 


2. Kctosarcal features. In my paper on Pennaria (’04b, p. 
469) attention was directed to certain very conspicuous aspects 
which were designated as ‘ectosareal phenomena,’ and which 
comprised various more or less superficial excrescences, such as 
papillae, films or bridge-like connectives between blastomeres, 
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etc. They were described in some detail and various suggestions 
and comparisons submitted as to their significance. 

In the eggs of Hydractinia very similar structures were encoun- 
tered, though less conspicuous and less constant than in Pennaria. 
Certain of these are shown in figs. 14 to 22. As to their signifi- 
cance or function I have nothing new to offer beyond that pre- 
viously suggested. Their more obvious function would seem 
the two-fold one of connecting adjacent blastomeres, and afford- 
ing codrdinating bonds for the entire egg during development. 
These suggestions could hardly apply to the papillose structures 
of the surface, and their presence must be regarded as problemat- 
ical. 

3. The early embryo, morula. With the progress of cleavage 
toward completion the irregularities of surface, due to ectosarcal 
structures above mentioned and erratic cleavage, which were so 
conspicuous a feature, gradually disappear and the embryo tends 
to become more or less typically spherical and blastula-like. But 
in comparatively few Hydrozoa does a typical blastula occur. 
In my earlier accounts of the development of Eudendrium and 
Pennaria attention was directed to the presence of a true morula 
as the embryonic stage resulting from cleavage, and also to the 
entire absence of a stage comparable to a coeloblastula. This is 
likewise the condition to be found in Hydractinia and Clava. 
Rittenhouse (’07) has shown the same to be the case in Turri- 
topsis nutricula. It will be shown in a later connection that this 
is the dominant type of cleavage embryo throughout the entire 
phylum. At no time is there to be found in either Hydractinia 
or Clava a distinctive or permanent cleavage cavity, though there 
may often be found certain intercellular spaces which are desig- 
nated as such, but the correctness of which may be seriously 
challenged. This, again, will be considered in more detail in a 
later section. 

For some time following the apparent completion of cleavage 
and the establishment of the morula there seems to be a period 
of quiescence. This is such, however, only in appearance; for 
in reality there exists a condition of active cell proliferation, as 
may easily be demonstrated by means of sections of embryos at 
this time. This has been especially demonstrated and emphasized 
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in the cases of Eudendrium and Pennaria, but is no less true in 
the present instances. 

4. Organization of the embryo. This has usually been assumed 
to consist fundamentally in the formation of the tissues, ectoderm 
and entoderm. In part this assumption is correct, but only in 
part. For example, the morula may remain for some time entirely 
devoid of these tissues in any definitive sense, and even in the . 
later larval stage the entoderm may not arise till.a late period. 
As has long been known, among the first evidences of organiza- 
tion is that associated with the formation of the ectoderm. 
Indeed, this is only what might naturally be expected as one 
comes to consider the primary function of such a tissue, or its 
analogue, throughout the animal kingdom. The embryo, no 
less than the adult organism, requires superficial protection against 
external conditions. And from protozoon to mammal provis- 
ion is made to this end by ectosare and epidermis, and in thé 
embryo by the ectoderm, which may be regarded as the primary 
tissue of the embryo. 

5. Entoderm formation. But up to this time there is no def- 
inite differentiation of entoderm. It is true, that one will find 
what has long been designated as entoderm, namely, an interior 
mass of embryonic matter more or less cellular, but without 
differentiation of any sort. By some students of hydroid devel- 
opment this condition has been described as the ‘end of entoderm 
formation’ (Ende der Entodermbildung). In reality one may 
better designate it as the beginning of entoderm formation, 
though even this might be open to question. What we have at 
this time is simply an interior embryonic mass, often a syncy- 
tium, within the enclosing ectoderm, if this be yet differentiated ; 
and of this mass but a very small proportion ever participates 
directly in entoderm formation. For the sake of clearness it 
seems desirable formally to recognize this condition by giving to 
it such name as may express the fact, and at present no better 
term seems available than ‘pro-entoderm.’ This only implies 
the existence at this time of material, a primordium, out of which 
in varying ways will be developed the definitive entoderm of the 
larva. 
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6. The larva, planula. The life history of the morula is com- 
paratively brief, perhaps from six to eight or ten hours, the 
period varying considerably. During this time the definitive 
ectoderm has been established, cilia developed and the free-swim- 
ming larva, the planula, begins its career. Concerning the 
structure of this organism there is no occasion for special details. 
It differs little if at all from that characteristic of others whose 
structure has: been repeatedly portrayed, and is too well known 
to need further account. In the present instance, as in those 
of numerous others, at the time of the assumption of this condi- 
tion the larva is still a solid mass, with little organization beyond 
the above mentioned ectedermal differentiation. A definitive 
entoderm may not become established till relatively late in larval 
life, as I have repeatedly pointed out in other cases, and only 
after a process of physiological differentiation, as shown in a 
later section. The first evidence of a coelenteron appears as a 
slit-like cavity in the larval axis, which later enlarges as the reduc- 
tion and absorptionof the pro-entodermic mass proceeds. Finally, 
by such graduated method does the entoderm become estab- 
lished. At no time is there a mouth or other means of communi- 
cation with the outside during phases of embryonic or larval his- 
tory. Planulae of Hydractinia have been frequently reared under 
artificial conditions, and readily transform into the final, or polyp 
state. Soon after the larva attaches itself the mouth is established 
by a terminal opening which arises by a rupture and rearrange- 
ment of the adjacent cells. Tentacles arise in the usual manner, 
first three in number, followed shortly by three others at inter- 
mediate points, and slightly below the first series. At the base 
of the polyp there arise root-like stolons, two or more in number, 
which mark the origin of the hydrorhizal network characteris- 
tic of the species. 


C. Clava leptostyla Ag. 


In connection with the work on Hydractinia I have taken occa- 
sion to re-examine the material upon which was based the work 
embodied in my previous paper on Clava (06), and have also care- 
fully studied sections of new material which had been fixed in 
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Bouin’s picro-formol, and in Zenker’s solution, and carefully 
stained by several of the most recent methods. So far as it 
relates to the organization of the egg or its cleavage no occasion 
has been found for modifying in any essential the earlier conclu- 
sions. These I believe to be confirmed in every detail, and lead 
me to reaffirm the former account. Concerning some few points 
in relation to the phenomena of maturation and nuclear behavior, 
including phases of germ-layer formation not touched upon in 
the previous paper, it is necessary to reconsider and add to the 
former results. 

1. Maturation. Concerning the phenomena associated with 
maturation my observations will be very brief. In the former 
paper the general facts were explicitly stated and no occasion has 
been found to call for essential modification. Both in living eggs 
and in sections of stained material polar bodies were found and 
described. In connection with earlier accounts of this feature 
in other eggs of hydroids one may find such expressions as “‘ About 
this time the nucleus becomes indistinct and finally disappears;”’ 
the nucleus ‘‘fades from view when the ovum is deposited.” 
These accounts relate almost wholly to observations upon living 
eggs, and I have repeatedly verified them both in the living, and in 
sections of fixed eggs. While in themselves such accounts may 
seem to have little of distinctive value, in a morphologic sense, 
yet, as expressive of physiological conditions they seem to me to 
have very large significance. In the first place, these observa- 
tions described what was actually seen and its fidelity to fact can 
not be questioned. In the next place, cytological study of fixed 
material confirms just these accounts. As eggs grow toward 
maturity the germinal vesicle is large and conspicuous. But as 
they approach the phase of metabolism involved in maturation 
a marked change occurs, as is well known. The chromatin 
network, which has been conspicuous, gradually disappears, 
and in many cases loses absolutely its affinity for stains. With 
dissolution of the nuclear membrane, a still further change occurs, 
which is exactly what these accounts describe, namely, the min- 
gling and fusion of nucleus and cytoplasm to such a degree that it 
is often difficult to differentiate them by any of the usual methods. 
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Itis just at this time that the maturation phenomena are in proc- 
ess of development. In my previous account some doubt was 
expressed as to the presence of mitosis. Critical study of fresh 
material has enabled me definitely to confirm the facts of matu- 
ration mitoses attested by Smallwood (’09) in Hydractinia, and 
Beckwith (’09), in Clava. A critical review of my earlier material 
only went to confirm the previous doubt; all of which but tends 
to resolve the case to one of technique. In the newer material 
both maturation mitoses were distinguishable without serious 
difficulty. 

2. Nuclear behavior. In addition to the foregoing discussion 
some further reference to points of nuclear behavior seems desir- 
able. In several of my earlier accounts attention was directed 
to the migration of the nucleus to the distal periphery of the egg 
as it approached maturity. Asis well known, many earlier stu- 
dents of nuclear physiology have sought to correlate directly the 
nucleus with nutritive’ functions during the growth period, and 
its location has been said to conform to this conception, and nu- 
merous citations made to facts recorded in phyla above protozoa. 
So far as the Hydrozoa are concerned I am not able to confirm 
this view. In the growing oocyte of Clava the germinal vesicle 
is rarely if ever directly contiguous to the nutritive surface of 
the spadix, and in the period of later growth invariably migrates 
to the distal surface and comes to lie in immediate contact with 
the outer wall of the gonophore. While I have not made any 
attempt at this time to take up the problem for critical inquiry 
and investigation, yet my general observations tend to render 
extremely doubtful the view above suggested, at any rate in any 
very explicit and causal sense. That the nucleus may function 
in this matter in a general way as in many other vital functions 
may be probable, yet that its primary or fundamental and direct 
part in the oocyte has to do with nutritive more than other func- 
tions of cell life seems more than doubtful. It may easily be 
shown that processes of nutrition, along with other phases of 
metabolism, are functions of the entire cell working as a whole. 
In the earlier paper attention was directed to the phenomena of 
metabolism as related to the origin and development of the pig- 
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ment granules of the egg, and it was pointed out that they 
appeared first in the region of the nucleus, and from this extended 
as a peripheral zone over the entire egg, the process continuing 
up to, and even beyond, the phenomena of maturation, which 
would seem clearly to imply that at most the nucleus was con- 
cerned only in the origin of this process, since it early became 
involved in other functions of very different character. 

8. The chromatin. In addition to what has been said in this 
connection as relates to Pennaria and Hydractinia a few facts 
may be mentioned as directly bearing on the matter of nuclear 
fragmentation. In figs. 31 and 32 are shown phases of nu- 
clear behavior associated with maturation. Fig. 31 is a careful 
drawing of a condition not at all unusual in these eggs. Here 
one finds undoubted evidences of chromatin fragmentation and 
dispersal prior to the dissolution of the nuclear membrane. As 
will be noted, there is as yet no definite disintegration of the 
nucleolus, which is quite intact, though with a large vacuole. 
Chromatin granules are variously distributed through the nuclear 
network, chiefly at nodal points as shown. But the same sort 
of granules are to be seen just outside the nucleus, and are indis- 
tinguishable from those shown in the next figure, in which the 
nucleus is in process of disintegration, the membrane being 
entirely dissolved, and the network also surely disappearing. 
Here also the nucleolus is about to collapse, being flattened on 
one side, as if ready to go to pieces. Numerous cases of this 
sort occur in these eggs and seem to confirm what has been said 
above, that a degree of fragmentation both of nucleus and chro- 
matin is apparently a constant feature. In a few cases I have 
found these features actively associated with maturation, the 
first polar body having been already formed. 

From this it will be noted that fragmentation of the nucleolus 
may not occur until that of the nucleus is well under way, as shown 
in the figures already cited. 

I have called attention to the problem of nuclear fragmenta- 
tion in several of my earlier papers, (04a, ’04b, ’06,), and in a 
paper now in press on the development of Cyanea (’10), attention 
is directed to very similar conditions associated with maturation. 
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It is not a new problem; many investigators having directed 
attention to the matter. Strangely, however, there has been 
no very serious attempt to explain its probable significance, fur- 
ther than to suggest, as Wilson had done long ago (’00), its pos- 
sible relation to the extremely active metabolism involved during 
the growth period of the egg. Unfortunately, there seem to be 
serious difficulties involved in such an interpretation ; for example, 
the fact that in many ova growth seems to be almost nil. Fur- 
thermore, it is not certain that just this type of fragmentation 
occurs in all eggs just at this period. But whatever may be its 
significance certain it is that in large numbers of organisms there 
seems to occur at this time this very interesting fact, that a largely 
preponderating proportion of chromatin is lost, or at least takes 
no part in the formation of the chromosomes, and so is a negative 
factor so far as relates to chromosome function or theory. The 
bearing of this on the question of chromosome individuality is 
not without great interest and importance; but no attempt can 
be made to discuss the problem here. It may be suggested, how- 
ever, that defenders of the extreme views of chromosome indi- 
viduality in its morphological sense,—and only in such sense has 
it any essential significance,—are confronted with a problem, the 
complexity of which is beyond estimate, and the difficulty of 
which is hardly less so. Let him who finds difficult the intricacies 
of ‘germ-plasm’ hypothesis beware in essaying to unravel the 
no less intricate mystery, or miracle, of preserving individuality 
in the metabolic maze through which chromatin must. pass in 
every cytogenic cycle! 

In the previous paper (op. cit.’00, , p. 227), attention was direc- 
ted to the very anomalous aspects of nuclei during early cleavage, 
features of which were shown in several sketches. Certain of 
these presented rather strong indications of amitosis, though the 
condition of the chromatin was such as greatly to obscure the 
finer details of nuclear structure, and the suggestion was made 
that ‘‘certain phases of the mitotic mechanism may be disguised 
or actually lacking.’”’ As shown above, mitosis has been demon- 
strated during maturation, yet something of the original doubt 
remains as to mitosis during early cleavage, the newer material 
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affording no appreciable advantage over that used in the former 
instance. At this time the chromatin appears only in the form 
of extremely irregular, flocculent patches, scattered here and there 
through the cytoplasmic cell-like aggregates. The same elongated, 
clavicular, or dumb-bell shaped nuclei previously described are 
found in the newer material treated by latest methods. Under 
ordinary treatment the chromatin stainsso intensely as seriously to 
obscure details of structure. Only by prolonged destaining and 
clearing, and by more delicate staining with picro-hematoxylin 
has it been possible to reduce somewhat the flocculent aspects. 
When this is done one may distinguish a granular chromatin con- 
stitution, but the chromosomes have defied all attempts to render 
them distinctive either inform orinnumber. This relates to con- 
ditions in early cleavage, as was pointed out in the previous paper, 
aspects of mitosis become fairly clear in later cleavage. Beckwith 
describes mitoses in early cleavage but makes no reference to the 
anomalous conditions here described. 

With all the pains taken in preparation of my material it must 
be allowed that these conditions are not artifacts, but facts enti- 
tled to the same consideration as others of similar treatment. It 
must be admitted however, that, even at best, our latest refine- 
ments as to staining technique must be accepted as only tenta- 
tively trustworthy. In other words, it becomes more evident 
every day that in protoplasmic and nuclear metabolism there are 
such incessant and intricate variations of chemical conditions that 
one may not assert that a given stain or fixing agent affords any 
certain test of a given state at a given time. On the contrary, it 
will not be denied that a given stain may act in one manner on 
one cell and on another very differently; or indeed, that it may 
in another case fail utterly to yield any results whatsoever in 
differentiation. Under the aspects of chromatin organization, 
or perhaps better, lack of organization, as here portrayed, it has 
not been possible to obtain any definite information as to the 
number or character of the chromosomes. But it may be said, 
as before mentioned, that in Clava, as in Pennaria and Hydraec- 
tinia, there is an enormous fragmentation and dispersal of chro- 
matin at the time of maturation, most of which must be utterly 
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lost as chromatin, unless some may be recovered during phases 
of cleavage, as suggested in the previous paper. Some further 
reference to this feature will be made in a later section of this 
paper, in connection with the discussion of theoretical problems 
involved in the general subject. 

Incidentally it may be worthy of mention that in at least one 
case two germinal vesicles have been demonstrated in a given 
egg. So far as the writer is aware this is a rather rare occurrence, 
though probably not more so than that of hermaphrodite gono- 
phores, as described in the previous paper (p. 211). Fig. 23 is a 
careful camera sketch of these nuclei. There was not the slight- 
est evidence to show that there might have been a fusion of two 
oocytes in this case, as sometimes happens in other hydroids, 
the egg being only of average size. 

4. Nucleolar behavior. In the previous paper (p. 221), atten- 
tion was directed to some aspects of nucleolar changes associated 
with maturation. Among these that of vacuolation was partic- 
ularly mentioned, as was also that of the migration of the nucleolus 
from the nucleus into the cytoplasm. The latter feature is rather 
unusual, and is not probably of any large significance. More 
important is the fragmentation which is a rather common fea- 
ture. Prior to maturation the nucleolus exhibits various phases 
of vacuolation. In some cases several vacuoles of slightly differ- 
ing sizes appear, some of which may later fuse into a larger vacuole. 
In other cases one finds a single large vacuole which finally occu- 
pies almost the whole of the nucleolus, at which time it may hap- 
pen that the body collapses upon itself, or gradually goes to pieces, 
i.e., fragments. In other cases there may be in a given nucleus 
two nucleoli, one highly vacuolated and evidently degenerating, 
the other having all the appearance of a new organ, without signs 
of vacuoles.1 These changes usually occur while the nucleus is 


1 In this case the larger, vacuolated nucleus exhibited a most interesting phase 
of apparent fragmentation. Almost the whole organ comprised a single large 
vacuole, and adhering to the outer surface were numerous deeply staining spherical 
granules borne upon delicate pedicels, the whole resembling a sort of pin-cushion 
aspect. Just what significance such a condition may have in relation to nucle- 
olar metamorphosis, or its bearing on the problem of chromosome formation, as 
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yet intact; and in some cases, at any rate, the entire fragmenta- 
tion, or dissolution of the nucleolus may occur before the nuclear 
membrane disappears. In other cases nucleolar dissolution and 
disappearance take place coincident with the nuclear dissolution 
and maturation, as stated in a preceding section. In some in- 
stances the nucleolar degeneration seems to involve a gradual proc- 
ess of shrinkage, probably by solution or absorption by the nucleo- 
plasm. It has been no part of my present purpose to study the 
matter of nucleolar genesis, or the possible relation of nucleolar 
metabolism to the genesis and differentiation of chromosomes. 
An interesting and varied literature on this subject has grown 
up with recent times, some of which seems to have a profound 
significance in relation to chromosome theory. But to enter 
upon this phase would involve time and details far beyond the 
scope of the present paper. 

5. Later development. It is not the purpose to enter into any 
considerable details as to later aspects of development save as 
they are found to be more or less exceptional as compared with 
other species concerned. As to cleavage no occasion has been 
found to modify the account already given in the former paper 
(pp. 223 to 227). There is much here in common with that 
known in Tubularia, Hydractinia and Pennaria. While in a 
certain proportion of the eggs cleavage is more or less regular; 
on the other hand, in a large proportion, irregularity and lack of 
order or symmetry is the rule. This is particularly the case with 
those ova which are flattened laterally against the sides of the 
spadix of the gonophore. In the case of ova terminally placed 
in the gonophore the shape is more nearly spherical, and in such 
cases the tendency is toward regularity. This is what one might 
naturally expect; yet there are notable exceptions, and one will 
do well to remember the extremely erratic cleavage of such ova 


suggested in a following sentence, I am not prepared to suggest. The nucleus of 
this egg was in rather typical resting condition, and its chromatin of the usual 
granular spireme aspect. As stated in another connection, different modes of 
fixation and staining have appreciably different effects on the egg cytoplasm and 
nucleoplasm, so that much more elaborate observations would be necessary ere 
one might venture any very positive opinions on so complex a problem. 
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as those of Pennaria, Hydractinia and Turritopsis, where the 
freedom of the egg from all influence of gonophore walls, etc., 
ought to afford perfect conditions as to regularity of cleavage. 
It may not be improbable that external conditions of pressure, 
etc., have an appreciable influence on cleavage, but such facts 
as those just cited clearly indicate that there are other factors 
concerned which are probably more potent than the merely phys- 
ical ones of pressure, gravity, ete. 

6. The morula. As in Hydractinia and Pennaria, the early 
embryo in Clava is a morula. Cleavage results in a solid mass 
of cells, with only incidentally a sign here and there of an inter- 
cellular space, and in only rare instances anything comparable 
with a segmentation cavity. Indeed, one might venture to aver 
that such cavity is conspicuously absent throughout the ontogeny 
of this hydroid. As already pointed out, this is not peculiar, but 
rather the general fact in hydroid development. Something 
further will be said on this point in a later connection. There is 
nothing in the morula stage in Clava which differs appreciably 
from that of the other species already referred to. As the embryo 
reaches the morula condition it assumes the usual spherical shape, 
whatever may have been the shape of the egg during cleavage 
or growth. Evidently the walls of the gonophore do not afford 
any very serious barrier to this change, for one finds all condi- 
tions of shape from the flattened lateral pocket of the growing 
oocyte to the spherical terminal capsule, and the oval capsule of 
the planula, all derivable in turn from the first as the embryo 
grows and finally emerges as a pear-shaped planula. 

7. The germ layers. What has been said on this subject in 
connection with Hydractinia may be affirmed of Clava. Granted 
the assumption of a morula as the primitive embryo, andthere 
is no occasion for question or discussion concerning the segmen- 
tation cavity, delamination, multipolar immigration, etc. Abso- 
lutely nothing of these is involved in the case under consideration. 
At the time of the completion of cleavage,—indeed before this, 
when the morular aspect first begins to take shape,—we have 
only a spherical cell mass, with syncytial tendencies, and as yet 
without sign of tissue differentiation. In fig. 29 is shown such 
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an early morula-like embryo. In this is shown an oval embryo 
without definitive ectoderm, or sign of entoderm. This condi- 
tion persists for some time, the only changes distinguishable 
being that of cell proliferation, or perhaps more precisely, nuclear 
proliferation; for in most cases it is not possible to distinguish 
the presence of cell boundaries of any definitive sort. But a 
most remarkable thing becomes apparent under careful staining, 
—namely, the fact that the internal mass shows a differential 
staining reaction, represented by the shaded interior. This I 
take to be indicative of an important physiological change, 
namely, an incipient entodermal differentiation directly related 
to the primary purpose of entoderm development, that of diges- 
tion. While the results do not as yet warrant a dogmatic pro- 
nouncement on this matter, they do tend to confirm a view I 
have already proposed (cf. Science, March 25, 1910). It has gen- 
erally been assumed that the ectoderm is the primary germ 
layer, and morphologically this is undoubtedly true. But if 
the suggestion just made be confirmed by later experiments one 
will have to aver that, physiologically speaking, the entodermal 
function is the first to express itself. Further consideration of 
this point will be deferred to a later section. 

a. Eetoderm. The development of this tissue is a graduated 
process. With the establishment of a surface layer of cells of 
more or less similar character one is not warranted in designating 
it as a definitive ectoderm. For, as Rittenhouse has ‘pointed 
out (07, p: 453): 


Kven those cells which are atthe surface at the completion of segmenta- 
tion cannot be regarded as primitive ectoderm, for in the breaking down 
of the cell boundaries, the formation of the syncytium, and the recast- 
ing of the cells, it is quite impossible to say what changes of proto- 
plasm may take place. 


Furthermore, it must not be overlooked that, with a primary 
layer of cells established, there are yet other ectodermal elements 
to be taken into account, such as interstitial cells, cilia, nettling 
cells, ete. Only with the formation of the supporting lamella 
ean it be claimed that the definitive ectoderm is really established. 
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b. Entoderm. As in the case of the ectoderm, what has 
been said as to entoderm formation in Hydractinia will apply 
for the most part to Clava. What has been said above in ref- 
’ erence to the morula as the primordial embryo applies in this 
connection. Entoderm formation is a graduated process, and 
in its morphology a much slower process than that of the ectoderm. 
In its physiological genesis it may be said to outrun the ectoderm; 
for its functions begin almost immediately after the completion 
of cleavage. As was pointed out in an earlier section, the inter- 
nal cell-mass included within the primordial ectoderm is not in 
any sense a tissue, but rather a primordium,—pro-entoderm. 
For some time following the nuclear proliferation of this mass 
continues. But at the same time another, and extremely differ- 
ent process is under way, namely, that of cellular and nuclear 
disintegration and destruction. Out of this interior mass rela- 
tively few cells will survive to constitute the definitive entoderm 
of the polyp. What is taking place is in reality a struggle among 
these cells for nutrition, reminding one of the ingenious theory 
of Roux (81), ‘Der Kampf der Theile im Organismus,’ though, 
so far as I am aware,.this author never applied his theory in this 
direction. It is not until after the planula has become free that 
a definitive entoderm is finally established; indeed, this does not 
become established until near the metamorphosis of the planula 
into a polyp, though one may trace stages in the process much 
earlier.” What really happens is that the same sort of vicarious 
process of nutrition occurs as that by which, inmany hydroids, 
the oocyte grows; that is, the devouring of sister cells or primor- 
dial ova; in the later stage occurs the similar process of digesting 
the pro-entoderm cells and making their substance available as 
nutrition to the embryo. As is well known, these pro-entoderm 
cells are richly laden with yolk granules, as were also originally 
the cells of the ectoderm. But long after the ectoderm has ex- 
hausted this primitive supply the entoderm is reducing its sur- 
plus cell mass for similar ends. 

With the gradual advance of this process the coelenteron of 
the larva grows larger, appearing in sections as an axial slit of 
irregular outline, and later assuming a more regular aspect and 
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becoming more capacious. As the entoderm cells become defi- 
nitely organized and adjusted in contact with the supporting lamella 
the entoderm may be said to be established as a tissue. But this 
does not become complete until a large proportion of the pro- 
entoderm mass has been reduced and appropriated by the embryo. 
There yet remains masses of cells in the cavity along with yolk 
fragments and other debris variously distributed. 

Earlier accounts of the differentiation of the entoderm differ 
in several particulars from that here given. In the first place, 
it has been generally assumed that the entoderm is early estab- 
lished, an error which I have taken occasion in several accounts 
to correct. In the next place, the exact mode of its differentiation 
has not been very critically studied, nor the fate of those parts 
of the pro-entoderm not directly concerned in entoderm forma- 
tion. For example, Korschelt and Heider, following the older 
accounts, have asserted that following the establishment of the 
entoderm the remaining cell-mass undergoes fatty degeneration, 
serving in part as food matter, with a residual mass of debris, 
the fate of which is not formally stated. I have not found in 
my preparations any evidence of such fatty degeneration, though, 
as stated above, I have found direct evidence of the operation 
of digestive ferments. According to Wilson (’83) something 
akin to amoeboid engulfment of these cells and their intracellular 
digestion is tentatively suggested: 


6 
These appearances suggest, though they do not prove, that the yolk 
granules and spheroids pass bodily into the cells. I have never seen 
them in the act of passing into the cells, but the technical difficulties 
are great, and the other considerations seem sufficient weight to warrant 
the provisional acceptance of the view advanced. 


That something of such amoeboid engulfment may occur is 
not altogether improbable; though I have found slight evidence 
of it. We know that in the growth of the oocyte in certain spe- 
cies just such a process does take place, and its occurrence in the 
slightly later history of the embryo would be what might naturally 
be expected. Indeed, I have, in an earlier part of this paper, 
suggested such a process in the behavior of the cells of the pro- 
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entoderm during differentiation. But associated with the proc- 
ess there are strong evidences of the action of digestive ferments 
which are set free by these cells in which this process is first set 
up and carried forward. This likewise takes place in the case of 
the oocyte during growth, as has been shown by many recent 
observers. The suggestion of Metschnikoff long ago, that intra- 
cellular digestion forms the dominant, if not the only digestive 
process in coelenterates, is not borne out by recent investigations. 
For example, it is well known that medusae, actinians, etc., 
capture highly organized prey, such as crustacea, fish, etc., and 
digest it quite after the fashion of the higher Metazoa. The 
same thing is easily demonstrated in hydroids, in which small 
organisms, like worms, copepods, etc., form an important food 
supply. Gland cells are well known in the entoderm of Hydro- 
zoa and are evidently associated with digestive functions. Hence 
it seems more than probable that enzyme digestion is no less a 
feature in this than in other animal groups; and that it more than 
any other, is the mode involved in the reduction of this inner 
cell mass of the planula is almost certain. This in no wise 
contravenes the fact of the presence of yolk granules in the ento- 
derm cells, for they were original constituents of these cells, just 
as in the case of the primordial ectoderm cells. Whether such 
yolk granules are ever taken in entire by the larval entoderm may 
be open to doubt, at least till better sustained by direct evidence 
than at present. 

So far as I am aware, the general conception herein outlined 
as to the physiological processes involved in this phase of larval 
development has not been hitherto proposed. Of its fundamen- 
tal validity there seems no serious objection and much direct 
evidence. In brief, it involves these facts: First, that of the 
pro-entoderm mass of cells relatively few go to constitute the defin- 
itive entoderm of the planula. In the second place, the primary 
process involved in the necessary differentiation must be one of 
selection. So far as one can distinguish these pro-entoderm cells 
are alike in form and potency. The primary demand in embry- 
ogeny is growth, which involves nutritive material in some form. 
And the only source of such is that associated with these cells 
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as yolk granules, which can only become available by the dis- 
solution of the cells which contain them. Supposing that origin- 
ally it was equally distributed, it could only remain so by the fur- 
ther assumption that cell division was likewise equal and contin- 
uous throughout. This we know is seldom the case, being in 
general inversely as the amount of yolk varies. Hence those 
cells whose growth and metabolism became more rapid would 
first exhaust their own deutoplasm and demand supplies from 
outside. And here must originate the struggle among cells 
_ which has been emphasized above. 

Assuming the substantial truth of the conception we must 
face the implication that the older views as to the ontogenic 
and phylogenic significance of the germ layers are discredited 
by these further facts, as they have also been in theory. I be- 
lieve we may, therefore, conclude that fundamentally the phe- 
nomena involved in germ-layer formation are primarily physio- 
logical processes, and relate to protective, motor, and nutritive 
ends; and that only secondarily, if at all, can they be supposed 
to have any significance in ontogeny or phylogeny. 


REVIEW AND DISCUSSION 


As stated in an early section of this paper one of the purposes 
in view was to review certain phases of current and earlier theory 
and doctrine concerning problems of ontogeny, in the light of 
recent knowledge, and to seek to point out and correct such errors 
as may easily come within the scope of pertinent discussion. 
This seems to the writer particularly important and desirable 
just at this time of virile criticism and readjustment. 

For some time the conviction has grown that not a few of the 
earlier views and theories touching ontogenetic problems had 
outlived their days of service, and that new facts were demanding 
new methods of interpretation. For example, who today pre- 
tends to invoke, in its original content, the Recapitulation Theory 
in correlating ontogeny and phylogeny? Who would seriously 
defend, or use the so-called laws of cleavage in interpreting every 
phase of egg development? And so one might multiply examples. 
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The fact remains, however, that Just these outgrown systems or 
theories still cumber the literature, the available text-books and 
manuals for introducing students to these subjects of present day 
biology, much to the reproach of its leaders and sponsors. 

With the desire to aid, in however small a degree, in correct- 
ing phases of error, or what appear such, the writer will aim under 
this section of the paper briefly to pass in review the chief aspects 
of the problems involved, and, so far as may be practicable, will 
endeavor to show distinctive examples of inadequate theory and 
erroneous implications and deductions. 


1. Origin, multiplication, and growth of germ-cells 


It seems worth while briefly to summarize results which obser- 
vations, more particularly my own, have brought to light on these 
several aspects of ontogeny. Many of the facts have already 
been made known in previous papers, but care will be taken to 
avoid, as far as may be, any unnecessary duplication, giving atten- 
tion chiefly to those features relating to phases which seem to 
‘all for consideration. Concerning the earlier controversy as to 
the mere place or tissue in which the germ-cells arise, it is no longer 
necessary to multiply words. Recent work from various sources, 
and especially that of Goette (07), has, I believe, placed the sub- 
ject beyond further dispute. That there is any such region as 
may be designated a ‘Keimzone’ or ‘Keimstiitte’ may be at once 
dismissed as absolutely without warrant as a general proposition. 
Furthermore, that the germ cells have their origin in the ecto- 
derm alone in hydromedusae may be similarly denied and dis- 
missed as unworthy of further inquiry or doubt. And still fur- 
ther, | am thoroughly convinced that the still more recent con- 
troversy as to the hypothesis of the ‘germ-plasm,’ if not as clearly 
a delusion as the preceding, is yet without the slightest support 
from the ontogeny of the group under review. 

It is a matter of easy demonstration that in many species of 
hydroids the egg may be followed in every detail from its origin as 
an ectoderm or an entoderm or interstitial cell through its gradual 
differentiation and growth to maturation, as a distinet individual 
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cell, without the slightest tendency to multiplication. That is 
to say, in species of Hudendrium, Hydractinia, Campanularia, 
Pachycordyle, and others, there is at no time any organ which 
is Ovarian in character, within which masses of primordial ova 
arise and pass through oogonial and oocytie phases familiar in 
other species to be mentioned later; but a given cell of the ento- 
derm which is to give rise to an egg begins to grow, and either 7 
situ or after migration into the gonophore, develops directly into 
a typical egg, and later, after fertilization, gives rise directly to 
an embryo and finally to an individual polyp. On the other 
hand, in many cases, e.g., Pennaria, Tubularia, Syneoryne, Hydra, 
large numbers of primordial ova arise in what may be regarded 
as an ovary where, by a series of cytological changes, they exhibit 
the oogonial and oocytie phases referred to above. These some- 
what strikingly different modes of oogenesis may, for convenience 
be designated as the ‘direct’ or ‘individualized’ and the ‘indirect’ 
or ‘oogonial’ modes. That they are sharply distinet, or quali- 
tatively differentiated types of oogenesis is not claimed. In 
this, as in other phases of development, there are all shades of 
intergradation and relation to be found in these and other species 
of Cnidaria. 

Correlated with these apparently widely divergent modes of 
origin are those of nutrition and growth. In the ‘direct’ or 
‘individual’ ova nutrition is almost invariably likewise through 
the direct medium of the adjacent tissue cells, which supply by 
diffusion the appropriate nutritive plasma. On the other hand, 
in Ovarian eggs, which involve oogonial and oocytie generations, 
there arise indefinite masses of primordial ova; and the growth 
of certain of these as ovarian eggs, Is largely through the active 
appropriation of the excess primordial ova, which are literally 
devoured whole, or predigested to a liquid plasma, which is then 
absorbed. Illustrations of both these processes are too familiar 
to call for special emphasis. While the two processes of nutri- 
tion are thus apparently different, intermediate cases are not 
unknown, e.g., Eudendrium hargitti, recently described by Cong- 
don (’06, p. 39) has been found to comprise something of both 
modes. And, though it belongs to a genus in which oogenesis 
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is associated in its nutritive relations with the direct activities 
of the tissue cells of the parent organism, yet in this particular 
species the egg certainly turns parasite, if not cannibal, and de- 
vours bodily the cells of either ectoderm or entoderm as may 
happen to afford it particular support at a giventime. And one 
finds in these growing ova of E. hargitti eggs literally loaded 
during most active growth with the engorged nuclei of tissue 
cells, the exact counterpart of those conditions found in Pennaria 
and Tubularia in which the growing eggs are similarly packed 
with the primordial ova of the ovarian tissues. 

In his earlier studies on heredity Weismann admits that germ- 
cells may be derived from somatic cells, e.g., (Essays on Heredity 
Eps 209): 

It is quite impossible to maintain that the germ-cells of Hydroids or of 
the higher plants exist from the time of embryonic development, as 
indifferent cells, which cannot be distinguished from others, and which 
are Only differentiated at a later period. Such a view is contradicted 
by the simplest mathematical consideration; for it is obvious that none 
of the relatively few cells of the embryo can be excluded from the 
enormous increase by division, which must take place in order to pro- 
duce the large number of daughter individuals which form a colony of 
polyps. It is, therefore, clear that all the cells of the embryo must for 
a long time act as somatic cells, and none of them can be reserved as 


germ-cells and nothing else; this conclusion is moreover confirmed by 
direct observation. 


In later discussing th's feature, while still contending that 
in most cases germ-cells arise early in ontogeny, Weismann is | 
yet compelled to admit that in Hydrozoa these do not arise till 
very late, and indeed in individuals of a later generation, (Evo- 
lution Theory, vol.1, p. 410). Notwithstanding this admission 
he still contends for his dogma of germinal continuity: 


Here the primordial germ cell is separated from the ovum by a long 
series of cell-generations, and the sole possibility of explaining the pres- 
ence of germ-plasm in this primordial cell is to be found in the assumption 
that in the divisions of the ovum the whole of the germ plasm originally 
contained in it was not broken up into determinant groups, but that a 
part, perhaps the greater part, was handed on in a latent state from cell 
to cell, till sooner or later it reached a cell which it stamped as a primor- 
dial germ-cell. Theoretically it makes no difference whether these 
germ-tracks, that is, the cell generations which lead from the ovum to 


SOME PROBLEMS OF COELENTERATE ONTOGENY 527 


the primordial germ-cells, are short or very long, whether they consist 
of three or six or sixteen cells, or of hundreds and thousands of cells. 
That all the cells of the germ-tracks do not take on the character of 
germ-cells must, in accordance with our conception of the maturing of 
determinants, be referred to the internal conditions of the cells and of 
the germ-plasm, perhaps in part also to an associated quantum of so- 
matic idioplasm which is only overpowered in the course of the cell 
divisions. This splitting up of the substance of the ovum into a somatic 
half, which directs the development of the individual, and a propaga- 
tive half, which reaches the germ-cells and there remains inactive, and 
later gives rise to the succeeding generation, constitutes the theory of 
the continuity of the germ-plasm (p. 411). 


Theoretically, the hypothesis is interesting and developed 
with much plausible argument. Yet its demonstration is far 
from evident, indeed quite beyond demonstration, as has been 
frequently pointed out by many of his critics. However, Weis- 
mann insists that there are evidential facts: 

The hypothesis does not depend for support merely on a recognition of 
its theoretical necessity, on the contrary there is a whole series of facts 
which may be adduced as strongly in its favor. Thus, even the familiar 
fact that excision of the reproductive organs in all animals produces 


sterility proves that no other cells of the body are able to give rise to 
germ-cells; germ-plasm cannot be produced de novo. 


It is passing strange that he should ignore the body of facts 
concerned in regeneration, and among them the reproductive 
organs. And it is still more strange that in support of this he 
should cite in detail the Hydrozoa as illustrating and supporting 
the hypothesis, ignoring the well-known facts that among these 
are abounding evidences which afford insuperable objections to 
just these assumptions. The present author has, in many cases, 
shown that gonads may be as readily regenerated by hydroids 
and medusae as any other organs; and that not for once or twice, 
but repeatedly in the same specimen, and that de novo and in 
situ; not the slightest evidence being distinguishable that any 
migration through pre-existing ‘germ-tracks’ occurred. The 
assumption that in these animals the gonads have ‘‘been shifted 
backwards in the course of phylogenetic evolution, that is, have 
been moved nearer to the starting point of development’’ seems 
so at variance with known facts as to be difficult to appreciate 
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or respect. That ‘‘the adherence of the sexual gonophore to the 
hydroid colony has made a more rapid ripening of the germ-cells 
possible,” or that ‘‘nature has taken advantage of this possibility 
in all cases,”’ as claimed by Weismann, is but another example of 
subservience to theory; for I cannot believe he can be ignorant of 
the general fact that there is not the slightest evidence that in 
hydroids with fixed gonophores the germ-cells ripen more rapidly 
or more frequently. 

It is in vain to attempt to bolster up these speculations by 
cleverly designed diagrams; for such devices are too often mere 
products of a vivid imagination. Furthermore, it is difficult to 
account for the dogmatic persistence with which this writer seeks 
to sustain the view that the germ-cells originate exclusively in 
the ectoderm. In the earlier work, which makes up his splendid 
monograph already referred to, he has admitted again and again 
the probable origin of the cells in the entoderm (pp. 215-217). 
But in his ‘Evolution theory’ (p. 415), it is asserted, “in no 
single case is the birthplace of the germ-cells to be found in the 
entoderm, but always in the ectoderm, no matter how far back 
it may have been shunted.’”’ And in citing cases in support of 
the point he refers to Hydractinia and Podocoryne, both of which 
are known to prove the exact opposite, as shown by Bunting (’94) 
and Smallwood C 09), as well as by the writer in numerous similar 
cases. 

The alee critique by Lloyd Morgan (’91) is ene 
in this connection: 


This germ-plasm residesinthenucleusof the cell; andit wouldseem that 
by a little skillful manipulation it can be made to account for anything 
that has ever been observed or is likely to be observed. It is one of 
those convenient invisibles that will do anything you desire. The re- 
growth of a limb shows that the cells contained some of the original 
germ-plasm. A little sampled fragment of Hydra has it in abundance. 
It lurks in the body-wall of the building polyp. It is ever ready at call 

: Now, although I value highly Professor Weismann’s 
luminous researches, and read with interest his ingenious speculations, 
I cannot but regard his doctrine of the germ-plasm as a distinctly retro- 
grade step. His germ-plasm is an unknowable, invisible, hypotheti- 
cal entity. Material though it be, it is of no more practical value 
than a mythical germinal principle. By a little skillful manipulation, 
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it may be made to account for anything and everything. The funda- 
mental assumption that whereas germ-plasm can give rise to body-plasm 
to any extent, body-plasm can under no circumstances give rise to germ- 
plasm, introduces an unnecessary mystery . . . . The fiction 
of two protoplasms, distinct and yet commingled, is in my opinion, lit- 
tle calculated to advance our knowledge of organic processes. 


It has been assumed, as the foregoing citations clearly show, 
that there is some predetermined order of sequence and relation 
as to the origin, nutrition, growth, etc., of germ-cells, not only 
in such a group as the hydrozoa, but throughout the animal 
kingdom. And with this as a postulate assiduous search has been 
directed to its support. It is not necessary that one should, 
a priorv discredit the method, for it is perfectly scientifiec,—within 
limits. The fault which must be emphasized is that it has been 
so conspicuously partial and dogmatic. Facts quite as accessible, 
quite as convincing, have been silently ignored; and it is thus that 
such work or method becomes both unscientific and untrue. I 
believe the foregoing facts must suffice to show that, both as to 
origin, differentiation and growth, the germ-cells of the Hydrozoa, 
so far from sustaining the doctrine of the germ-plasm, afford the 
strongest and most direct evidence to the contrary. 


2. Doctrines of homology 


[f one were asked to indicate the dominant conception which 
characterized the biological activity of the greater part of the 
nineteenth century he could hardly go far amiss in phrasing it 
somewhat as follows: The perennial and irrepressible search for 
homologies! 'This would be confessedly the case with so much of 
the period as comprised the Darwinian epoch of biology. But 
the conception belongs quite as properly to the seething period 
of the biological renaissance of the early half of the century, and 
finds expression in the researches of von Baer and Cuvier, Lam- 
arck and St. Hilaire, and a long roll of hardly less distinguished 
names. But strangely enough the doctrine had antipodal sig- 
nificance under the early, as contrasted with the later epochs of 
thought. To the first homology embodied the postulate of types 
of creation according to the conception of ‘archetypes’ of plan and 
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structure, details of which have been elaborately developed by 
Owen (48) whose well-known ‘Homologies of the vertebrate 
skeleton’ is its best expression. But to these naturalists homology 
meant likeness of structure merely, with the implications of ideals 
and design. To naturalists of the later period the conception 
took on an infinitely larger scope and significance. Like the for- 
mer, they were free to accept likeness of structure as an index of 
homology; but following the blazed trail of Lamarck and St. 
Hilaire, they conceived in the doctrine the key to lineage. To 
them homology involved kinship; and ‘archetypes’ as such had 
no vital meaning. It is not strange that, under the masterful 
hand of Darwin, the newer doctrine gave to biologists a working 
hypothesis comparable with that of gravitation, and at once 
placed biology on the foundation of scientific certitude. 

To naturalists of both periods must be ascribed well deserved 
praise. Both sought in the most conscientious and critical manner 
to discern the facts of homology. Among both were those of 
divergent and conflicting views,' von Baer and Cuvier versus 
Lamarck and Hilaire; Agassiz versus Darwin. In both were 
elements of important truth; in both were extremes of mischiey- 
ous error. It is not the purpose to undertake any critical review 
of the phases of conflict involved in these antithetic aspects of 
one of the most profound of biological doctrines; but rather, 
ignoring extremes of the earlier period, whose errors have largely 
gone into oblivion, to point out in briefest way wherein, under 
the ardent impulse of the newer view, something of extravagant 
over-valuation has come to have a retarding and mischievous 
influence upon biological thought and progress. It hardly need 
be said that in this matter attention will be directed to those points 
in particular which have come under my own lines of research. 
A similar duty has been ably performed upon a larger scale by 
several brilliant authorities, among them Wilson (’94), Morgan 
(03), Montgomery (’06). 

a. The germ-layers. No occasion exists for a review of the 
origin of the conception of germ layers developed through the 
work of Wolff, Pander, von Baer, Remak and KOlliker. It is 
sufficient to my purpose to cite the astute observation of Huxley 
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as to the likeness of the diblastic tissues of coelenterates and the 
mucous and serous layers of the embryo (’49). Let it be noted, 
however, that Huxley does not designate these as homologous, 
but rather as analogous. Ten years after his first utterance he 
remarks ‘‘It by no means justifies the assumption that the Hydro- 
zoa are in any sense arrested developments of higher organisms. 
All that ean be justly affirmed is, that the Hydrozoon travels for 
a certain distance along the same great highway of development 
as the higher animals.’”’ (Oceanic Hydrozoa, p. 2.) 

Interestingly enough, the embryological researches of the time, 
led by Kowalevsky, Gegenbaur, Haeckel and others, centered 
about this pregnant conception of Huxley and led Haeckel to 
formulate his famous Gastraea Theory, with all its far-reaching 
implications as to the homology of the germ layers of all embryos, 
‘‘from the lowest sponge to man.” Of course, the gastrula at 
once sprang into a position of commanding importance in embry- 
ology, and as the prototype of Haeckel’s hypothetical gastraea 
became a focal factor in embryological thought for a whole gen- 
eration. It is not strange, therefore, that the Coelenterata, 
as the distinctively diploblastic phylum of the animal world, 
should early come in for a more than usual measure of interest 
and concern; and as the theoretical ancestral phylum from which 
all higher metazoa must have arisen, should have at once 
assumed a unique and dominant phylogenetic importance. 
When, however, it is clearly known that in only a single class 
of coelenterates does gastrulation occur, and that in no case is 
the gastrula, as an embryo, known, it seems remarkable to the 
point of surprise that the theoretical postulate should still be 
cherished by not a few students of phylogeny. Current liter- 
ature, however, furnishes abundant evidence of just such adher- 
ence to tradition. 

b. The planula. As is well known the planula is the distinc- 
tive larva of the entire phylum, including also the sponges. It 
has generally been assumed that the planula is a specialized gas- 
trula, and that in some early species its enteron must have been 
formed by gastrulation. In this again there is involved the fur- 
ther inference and implication of the dominance of the biogenetic 
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law. Granted the diploblastic character of coelenterate and 
sponge; granted further, the gastrula stage in ontogeny through- 
out a large proportion of higher Metazoa, who could well resist 
the conclusion jumped at by Haeckel as to the necessary homology 
of gastrula and planula, facts to the contrary notwithstanding! 

c. The morula. It has just been stated that the planula is 
the distinctive larva of coelenterates. Another ontogenetic 
stage, however, must not be overlooked, namely, the morula. 
Of this one hears little now-a-days, though formerly it was a name 
fairly common in the literature of embryology. Even so recent 
a text-book as that of Korschelt and Heider devotes to it a single 
brief paragraph or so. They remark, ‘‘we shall see that examples 
of such a mode of origin of the two primary germ-layers are still 
ascribed to many Hydroids and Anthozoa, though probably the 
greater part of the cases referred to this: method can be reduced 
to epibolic gastrulation, in which events the morula stage, as being 
a schema founded on erroneous assumptions, would have to be 
omitted.” As an illustration of subserviency to dominant 
theory this sentence is a brilliant example! As a matter of fact 
epibolic gastrulation is absolutely unknown in coelenterate devel- 
opment, cases given of its occurrence having, without exception 
been proven egregious errors. 

It might be questioned whether the morula, as a stage, should 
be given recognition. But when it is taken as the counterpart 
of the blastula, a stage everywhere recognized, but comparatively 
rare in the phylum under review, the objection vanished. The 
morulaisfarand away the dominant cleavage embryo in Hydrozoa 
and common in other classes, the Scyphozoa alone excepted. 
Accounts of its structure and origin given in an earlier section 
obviate any call for details here. Suffice it to say, that the com- 
plicated methods described by Metschnikoff (’86, p. 70), while 
interesting and ingenious, are but of small value. That delam- 
ination and immigration (polar or multipolar), may occur need 
not be questioned; but that they occur in any such degree of fre- 
quency or constancy as to constitute laws of entoderm formation 
none who has had to do with the problem would hesitate to deny. 

While less importance is attached to this problem of germ layers 
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than formerly, one still finds it more or less dominant in embryol- 
ogy. Inhis book, ‘The Development of the Frog,’ Morgan (’97) 
gives the subject usual attention; and in the still more recent 
book, ‘The Development of the Chick,’ Lillie (08) devotes several 
pages to the subject, and it crops out repeatedly in the earlier 
chapters. The germ layer theory came to have a larger place 
than might otherwise have been the case in the attempt to dis- 
cover some ultimate embryological basis for homology, and simi- 
lar warrant for the so-called Biogenetic Law, or Doctrine of Reca- 
pitulation. 

It has long passed as a cardinal doctrine in embryology that 
the primary germ layers form a constant, and more or less infal- 
lible basis for homology,—a sort of court of last appeal where 
other criteria fail. But not a few recent results have tended to 
force the concession that even here there have been hasty gener- 
alizations. Not only in modes of formation and development 
have the germ-layers been found to differ widely, but in their 
function and fate in ontogeny there has likewise been obvious 
variation and discrepancy at many points. Balfour long ago 
called attention to discrepant modes of mesoderm formation, 
and recent experimental results have shown that organs of usual 
ectodermic origin are far from dependent on such mode of deriv- 
ation. In coelenterate ontogeny the most radical divergences 
as to modes of origin are too well known to call for extended review. 
From the extreme mode of delamination exclusively in entoderm 
formation as pointed out by Metschnikoff in Geryonia, and since 
confirmed in substance by Brooks (’86), who ealls it “ very peculiar, 
and without any exact parallel,’ to that of gastrulation in Sey- 
phozoa, with its confusing variations and exceptions, which invol- 
ved those rancorous discussions of Claus, Goette, and others, 
and the more usual mode through the morula, the entire gamut 
of germ-layer formation might seem to be epitomized. But 
despite the misguided and essentially mischievous (however well 
meant), efforts to derive all these phases from a mythical gastraea, 
now long a discredited and discarded phylogenetic monstrosity, 
the fact remains that there is probably no genetic relation what- 
soever between them. 
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d. The blastocoel. As another phase of the germ-layer prob- 
lem, the cleavage-cavity calls for some passing notice. Formerly 
it had large attention at the hands of embryologists, and, though 
less emphasized at present, it has not passed out of consideration. 
One can hardly consult a current paper dealing with early devel- 
opment without meeting the problem of the origin of the cleavage 
cavity and its later fate in ontogeny. It is not necessary that 
one should assume to discredit entirely any possible morpho- 
genic significance to this cavity in any group of organisms; but 
one does not need to study any considerable series of onto- 
genies to have forced upon him the conviction that its importance 
has been greatly exaggerated and correspondingly misinterpreted. 
One of the first impressions to be gathered from any considerable 
comparison of coelenterate embryology is that of the conspicuous 
absence of any definite blastocoel. It is only necessary to cite 
such figures as those given on plates I to III, illustrating these 
phases in Pennaria, Tubularia, Clava, Hydractinia to make 
this point very evident. It is true that here and there at certain 
stages of cleavage may be found irregular intercellular spaces 
which have been designated in general as segmentation cavities by 
those describing them. Spaces they undoubtedly are; but they 
are not cavities which have any permanence, either of form or 
position, but shift, or disappear under the erratic adjustments 
of the blastomeres; and one might about as well speak of the mor- 
phologic significance of the interstices in a box of oranges or bag 
of potatoes as of these promiscuous intercellular spaces. 

Another feature may also be mentioned in this connection. 
That is the rather significant fact that in many species, such as 
Hydractinia, where during very early cleavage a cavity may 
appear incidentally, it almost immediately disappears, becoming 
totally and permanently obliterated by encroaching cells. And 
even in certain species, where a more or less characteristic cavity 
arises and persists for a time, as in certain Geryonids, I am 
constrained to interpret it as having a physiological rather than 
morphological significance,—a sort of embryonic receptacle for 
the deposition of cytolymph, or other substances developed dur- 
ing cleavage, or possibly for food matters derived from the water 
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during early cleavage, or even later the retention of infusoria, as 
claimed by Merejkowsky (’83), though this may be doubtful.? 

Hence the facts herein adduced, together with the further fact 
of its extreme variation as to size, shape, position, or, still more 
significantly, its absolute absence in a large proportion of the 
species of the entire phylum, afford ample warrant for the con- 
clusion that, so far from having any necessary morphogenic or 
ontogenic significance, the blastocoel may be said to be absolutely 
devoid of anything of the sort, least of all of any relation to 
phylogeny. 

e. Cleavage homology. With the later development of the 
doctrine of homology there came to be involved varying phases 
of embryology, as shown above. One of its latest aspects is 
that concerned with cleavage, which has assumed a place of com- 
manding influence within recent years, as expressed in the flood 
of literature which sprang into existence dealing with the subject 
from every point of view,—normal, artificial, experimental. 
Conklin (’97), has stated well the subject as follows: 


In the whole history of the germ-layer theories I see an attempt to trace 
homologies back to their earliest beginnings. This problem is as impor- 
tant today as it ever.was, and whether one find these earliest homolo- 
gies in layers or regions of blastomeres or the unsegmented ovum itself, 
the quest is essentially the same. Within this question of the earliest 
homologies is included another of great and present interest, viz., the 
significance of cleavage. 


With the broader implications and relations of this subject 
there is neither the time nor occasion for extended review in 


2 T can but express the strong conviction that those who contend for the presence 
in such eases of a definitive segmentation cavity and blastula are in serious error. 
It seems not at all adequate to aver that the absence of any true blastocoel is due 
to the ‘abbreviation of this stage of development,’ as G. T. Hargitt (’09) has des- 
ignated it. As suggested above, but for the earlier theoretical significance 
involved in the matter, it may be doubtful whether any such contention would be 
made as that under review. To the writer it seems a pity to waste words over the 
subject in the form of argumentation. The facts are their own best exponent, 
and with these clearly apprehended there ought to be small occasion for contro- 
versy. The presence or absence of syncytial conditions has nothing whatever to 
do with the problem. Long before a syncytium has developed the morula has 
arisen as shown above, a fact as incompatible with the blastula as the planula is 
independent of the gastrula. 
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this connection. With certain limited aspects of the problem 
as they relate to coelenterate ontogeny facts have come to knowl- 
edge which demand consideration. In a general way it may be 
said of the problem of cleavage homology that two rather diverg- 
ent schools of biologic thought have grown up. One of these, 
ably represented by Driesch and O. Hertwig, maintain that cleayv- 
age is a more or less general and quantitive process, the result- 
ing blastomeres being largely equipotent in later development, 
their individual values depending largely upon relations of posi- 
tion, ete. The other wing of thought would hold that cleavage 
is fundamentally a qualitative process, involving a nicely pre- 
determined and ‘orderly sifting of materials,’ resulting in a splen- 
did ‘mosaic work,’ each cell fitted into its predetermined place 
with mathematical precision. Under the latter conception 
‘cell lineage’ became the dominant problem of embryological 
research. 

As a corollary to this, not only were blastomeres factors of 
supreme concern, but the natural and almost necessary implica- 
tion followed that there must of necessity be predetermining 
factors in the unsegmented egg even more fundamental than those 
in the blastomeres. Hence came into prominence the search for 
evidences of ‘formative stuffs’, ‘prelocalized germinal areas’, 
etc. Watving all further consideration of this particular aspect 
of the problem in its theoretical implications, I may very briefly 
cite facts concerned. with coelenterate cytology, and attempt to 
show their bearing in the case. 

In earlier contributions on the subject.of cleavage, partic- 
ularly in Pennaria and Clava, and further facts given in previous 
parts of the present paper, attention has been directed to facts 
which must be their own exponents. As to any blastomere homo- 
logy in any of these cases it is difficult to conceive. Further- 
more, both under normal conditions and through experiment, it 
has been demonstrated over and over that one or many blasto- 
meres may be detached without in the least modifying the course 
of development in any particular. With such pictures as those 
in figures 1 to 30 before one, he would need be possessed of a measure 
of imagination beyond compare who could discern any sign of a 
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‘mosaic work’! And what shall be said as to the existence of 
prelocalized germinal areasin such ova? Ihave searched through- 
out the phylum for ova having any semblance of such, but with- 
out evidence of its existence. It was thought for a time that 
Clava might be a case, but the most painstaking efforts to detect 
it were only negative. For a time Conklin believed he had 
found such in the ova of Linerges, and so pronounced; but his 
final utterance (’08, p. 166), recalls this: ‘‘The view expressed in 
my preliminary note on the development of Linerges, that the 
three layers of the egg give rise to the ectoderm, the entoderm, 
and the mesogloea is not confirmed by further study.” 

That there may be certain special distribution of egg material 
I have already shown in the case of several hydromedusae, but 
this is by no means implies that it is germinal in character or defi- 
nitely prelocalized. 


3. Amitosis 


In several earlier papers I found occasion to call attention to 
what seemed to be amitosis in cells during early cleavage. In 
several of these the evidence seemed direct and positive; in others 
the indications were somewhat general and indirect. The fact 
that several later students of cleavage in eggs of hydroids failed 
to confirm my results, while in the case of several others there has 
been very explicit confirmation, leads me to briefly review the 
matter as it appears at the present time. As I have elsewhere 
stated, the question of amitosis is purely one of fact. Whatever 
may be the implications of amitosis in its theoretical bearings on 
problems of heredity or otherwise, it must be evident that to 
attempt to discredit it on such grounds, or others of like nature, 
can only result in confusion worse confounded. One fact is Just 
as sacred as another, and just as much entitled to respect and 
consideration, and is bound sooner or later to be taken account 
of. The extreme attitude of Ziegler, Vom Rath, and certain 
other cytologists who would have us believe that amitosis is to 
be found only in senile or pathologic tissues, will have to be aban- 
doned as altogether unwarranted. Cytologists no less capable 
and conscientious, in growing numbers, accept amitosis as a normal 
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and not rare mode of cell division. The following recent utter- 
ance of one of the avowed conservatives will show how just is 
this claim: ‘‘ Accepting the idioplasm hypothesis. . . what 
do we know of its transmission? We may answer with assurance 
that it is transmitted from cell to cell by division; and we may 
safely presume, I think, in most cases by mitosis, though the di- 
rect or amitotic process may play a larger réle than was formerly 
supposed.” (Wilson, ’09.) 

My first suggestion concerning the problem was made in con- 
nection with my early account of Pennaria (’00); and the same 
year, Allen, one of my graduate students, made a similar statement 
in connection with the development of Tubularia. In a paper 
on regeneration, my son, G. T. Hargitt (’03), described abundant 
amitoses in the regenerating hydranths of Tubularia, and sug- 
gested the probable relations of the process to rapid growth and 
metabolism. In several contributions Child has also described 
amitosis, and in one in particular (’07), gave a brief account of the 
process in a series of organisms from coelenterates to birds. In 
one of these he made bold to predict that ‘‘future investigations 
will probably show that amitosis is at least as important in the 
life of the cell as mitosis.”” How timely was this prediction may 
be inferred by an examination of several recent papers on the sub- 
ject, particularly by Patterson (’08), on ‘Amitosis in the pigeon’s 
egg,’ and Glaser (’08), “A statistical study of mitosis and amito- 
sis in the entoderm of Fasciolaria.’ In both these studies it is 
interesting to find so striking a vindication of Child’s forecast. 
Patterson finds that at certain stages amitosis is quite as common 
as mitosis; and suggests ‘“‘it seems very probable that amitosis 
is the result of special physiological conditions, which create 
a stimulus to cell division,. . . . whatever factors are in- 
volved in bringing about the rapid growth of any region would seem 
to be concerned in causing amitosis.’”’ This affords an interesting 
agreement with the suggestion made by G. T. Hargitt, as quoted 
above. Glaser also concludes ‘‘that amitosis plays in this in- 
stance ’’(Fasciolaria) ‘‘an important, if not the chief part in the 
differentiation of a definitive tissue.”’ 
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These several series of facts afford, as I believe, very strong 
confirmation of my own results as related to Eudendrium, Pen- 
naria and Clava. They are also further supported by interest- 
ing results described by Young (’08) in connection with the ‘ His- 
togenesis of Cysticercus pisiformis.’ In this paper is found the 
somewhat radical suggestion that cells may arise de novo, from a 
‘eytoblastema,’ much as held by Schwann long ago. 

It is not necessary to review this phase further than to point 
out its relation to a similar suggestion made by the writer con- 
cerning a somewhat similar origin of cells after nuclear fragmen- 
tation in both Eudendrium and Clava. Several of Young’s 
figures are strikingly similar to those given in connection with 
Kudendrium, 

Another most interesting confirmation of my results is to be 
found in the account of Brooks and Rittenhouse (’07), of the 
development of Turritopsis. In this case both mitosis and ami- 
tosis are found occurring ‘simultaneously in the different cells 
of the segmenting egg.’ The varying size of the amitotic nuclei 
and their reticular structure, confirm with utmost exactness my 
earlier accounts. Furthermore, the association of amitosis with 
an approach toward syncytial conditions also resembles the con- 
dition in Eudendrium, as does also the metabolism associated 
with yolk digestion. I cannot agree, however, with the authors 
that there is any such relations involved in any of these processes 
as would bring them into conformity with the theory of Flemming, 
Ziegler, and others, that they presage degenerative ends. On 
the contrary, they seem to me to be most intimately associated 
with the intense metabolism and rapid growth of histogenesis. 

It remains briefly to refer to phases of nuclear behavior so 
characteristic in the cleavage of Pennaria, and to a less extent in 
Clava. Among these are such features as the highly vesiculate 
aspects of the nuclei during early cleavage, and the equally anom- 
alous features of clavicular, reniform and dumb-bell shaped nuclei. 
These facts have been very abundantly confirmed by the several 
researches of Hargitt, Smallwood, and Beckwith, already cited. 
Their interpretations, however, differ very widely from my own, 
and with plausibility and force. At the same time I fail to per- 
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ceive that the facts are not quite as clearly within the amitotic 
mode, and with apparently quite as strong evidence in support 
of the latter view. Granted the facts of amitosis as a normal 
process in cytogeny, and this is no longer open to denial, its 
occurrence along side of mitosis must be allowed. And even ° 
where one investigator may find mitosis, another may find both 
mitosis and amitosis; and this I have shown in the cases already 
cited, and my results have been confirmed in similar cases by 
others. ‘ 

But there is still a further word in this connection. The fact 
that the nuclear vesicles differ so markedly in size, shape and num- 
ber is rather difficult to interpret on the basis of mitosis alone. 
Are these several vesicles derived from single chromosomes, or 
from several which have fused? If the latter, how shall we corre- 
late the fact with the further fact, admitted by both Smallwood 
and Beckwith, that it is not essential that these vesicles should 
fuse between successive mitoses? But how then shall we attempt 
to explain the assumed exact nuclear equivalents of every mitotic 
division? But if, on the other hand, it be held that these nuclear 
vesicles are originally derived from single chromosomes, as seems 
more likely, how are we to account for the marked diversity of 
size, number and shape? These queries are not suggested out 
of any captious spirit, nor on the other hand, as affording an insup- 
erable objection to the interpretations given by these authors, 
but as more or less clearly pertinent questions which warrant 
consideration in connection with the problem concerned. 

The further assertion of Smallwood in this connection that ‘‘the 
mere shape of the nucleus in Pennaria is no indication of amitosis,”’ 
may be looked on as somewhat of an evasion of the real issue. 
I have nowhere made such a claim; but if such were the case it 
might with pertinence be replied that mere shape is not the point 
at issue. On the other hand, we are here concerned with partic- 
ular and anomalous shape, a very different matter. Whether 
shape has any significance in this relation depends to a marked 
degree upon the kind of shape. That a reniform, or dumb-bell 
shaped nucleus ‘is no indication of amitosis’ may be flatly denied, 
where it is more or less prevalent. Given such shapes, while 
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spheres, spindles, etc., are held to be types of normal nuclei, I 
think it must be allowed that the burden of proof that the former 
are but phases of the latter is upon the champions of exclusive 
mitosis, and thus far the evidence which they submit has not been 
convincing. 

With the facts herein presented, and the cumulative evidence 
available from a wide range of observation and authority clearly 
appreciated, it seems difficult to evade the force of the conclusion 
which is implied. The writer believes, therefore, that his earlier 
tentative suggestions concerning amitosis as a mode of nuclear 
activity is not only not discredited nor disproved by later 
researches, but is rendered both credible and probable. 


SUMMARY 


The main points embodied in the paper may be summarised 
as follows: 

1. Later observations on the development of Pennaria, and 
including a new species, go clearly to confirm the earlier results, 
and to show that it is not peculiar to a single species or to a given 
locality. 

2. Observations on the development of Hydractinia echinata 
also confirm much of that found to occur in Pennaria, including 
cleavage, ectosarcal features, formation of germ layers, etc. 

3. The same may be said in general as to Clava leptostyla. 

New facts as to certain histogenic aspects seem established, and 
the significance of the early embryo,—the morula,—is empha- 
sized. 
4. Concerning the origin and growth of germ cells it becomes 
more and more certain that the theoretical contentions of Weis- 
mann find no warrant in the ontogeny of Coelenterates, and par- 
ticularly in that of Hydrozoa, the group especially claimed by 
him. 

5. A review of earlier doctrines of homology goes to show that 
they have been greatly overestimated as criteria of phylogeny. 
This includes especially the features involved in germ layers, the 
early hydroid larva, cleavage homology, prelocalization of ger- 
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minal areas, etc. The facts of homology and ontogeny as related 
to phylogeny leave much to be desired ere it will be possible to 
sustain the earlier conceptions of recapitulation and its enormous 
implications as to biological philosophy. 

6. Amitosis as a factor in cytogenesis is a question of fact. 
Cumulative evidence from almost every field of cytology goes to 
show that it is neither rare, nor limited to senile or pathologic 
conditions of cells or tissues. Its significance in cytogeny is 
difficult to overestimate. It is not unknown as a factor in embry- 
ogeny in any of the great phyla of nature. As a fact it is no less 
sacred than any other, and must be reckoned with in any final 
doctrine of development. 
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EXPLANATION OF PLATES 


All figures made with the aid of Abbe camera lugida. Those of living eggs in 
outline only. Details supplied free hand. No attempt has been made to give 
exact magnification of living eggs, the erratic shapes making this extremely diffi- 
cult. ' 


PLATE I 
EXPLANATION OF FIGURES 


1 to 4 Pennaria tiarella. Varying aspects of cleavage in early phases, as a 
basis for comparing that of Pennaria australis. p. protoplasmic connective or 
strand; a very common feature in these eggs. x, a blastomere of second cleavage. 
In fig. 3 it will be noted that this blastomere segments more rapidly than the 
lower. This is very common, and continues in fig. 4. 

5 to8 Pennaria australis. Cleavage here resembles in a marked degree that 
of the preceding species. 

9 to 1lb Hydractinia echinata. An extremely erratic cleavage. In fig. 10 
are shown several interesting features, viz. the blastomeres at z, y, z. At fig. 11 
they are shown in a later stage, in which z and y are just becoming detached. 
Their later history is shown in figs. 11, a and b. 
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PLATE 2 


EXPLANATION OF FIGURES 


12 to 22 Various phases of cleavage of similar eggs. Figs. 14 to 18 phases 
of cleavage in a single egg at intervals of ten minutes. The irregular spaces shown 
are interesting as so-called segmentation cavities. As a matter of fact, they are 
but aspects of the peculiar ectosarcal and amoeboid activities, and hence abso- 
lutely devoid of any blastocoel relations. Such is likewise the case with other 
similar features in other cases. 

19 to 22 Varying phases in the cleavage of another egg, sketched at intervals 
of fifteen minutes. In these are shown in typical aspects the ectosarcal features 
more or less common in these eggs. The various strands, papillae, etc. are con- 
spicuous. 

12 to 13 Aspects of later cleavage of the egg body shown in figs. 9-11. 

23 Gonophore of Clava showing the unusual feature of two perfectly formed 
and typical germinal vesicles in a single egg. X about 100. 
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PLATE 3 


EXPLANATION OF FIGURES 


24 to 27. Cleavage aspects of Tubularia crocea. (Reproduced from drawings 
made by G. T. Hargitt illustrating his paper on early development of Pennaria 
tiarella and Tubularia crocea. Bull. Mus. Comp. Zodl., vol. 53, no. 3, by per- 
mission. ) ; 

24 Cleavage planes which are complete, are more or less vertical, but the equa- 
torial furrows are shown in several of the blastomeres. 

25 to 26 Two sections of anegg showing extremely elongated and erratic 
aspects. The several spaces shown are designated as cleavage cavities. This 
view I have taken occasion to question in the text of the present paper. 

27 So-called blastula stage. This point I have also shown to be a mistaken 
view. In fact it may be questioned if in any case the term blastula should be 
applied to early stages of cleavage such as this. 

28 Section of an egg of Pennaria tiarella in early cleavage. This is an egg 
which has shown an unusual regularity in cleavage behavior. WN shows a typical 
resting nucleus, of which several others are shown. At N’ is shown a nucleus in 
what seems amitotic cleavage. In this egg are seen also several inner spaces, but 
which are extremely transient phases. 

29 Morula of Clava. The pro-entoderm has been tinted to show the early 
physiological differentiation of these cells. A discussion of this may be found 
in the text. 

30 Morula of Hybocodon prolifer. As compared with preceding figures of 
Tubularia, Pennaria, e¢ al., it shows the same indefinite intercellular spaces, but 
no distinctive blastocoel. Several nuclei here shown resemble much those of 

Clava, and appear in some cases in amitotic division. 
31 Nucleus of Clava just prior to maturation. Thenucleolus is conspicuously 
vacuolated. Chromatin is in process of fragmentation and dispersal. Stained 
by picro-hematoxylin which differentiates the yolk beyond mistake, and makes 
certain the chromatin nature of these granules. X 800. 

32 Nucleus of Clava in process of fragmentation and dissolution. First polar 
body already discharged. Nucleolus in process of collapse; chromatin fragmenta- 
tion well advanced. Stain as in previous egg. > 800. 


O48 


SOME PROBLEMS OF COELENTERATE ONTOGENY PLATE 3 


CHARLES W. HARGITT 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 3 


549 


PHYSIOLOGICAL ANIMAL GEOGRAPHY 


VICTOR E. SHELFORD 
Department of Zoology, The University of Chicago 


NINETEEN FIGURES 


CONTENTS 

MPU TETOGITCTLON Gh ethos 2 che 32 Ss 20s dS oa a sacs es Slo has dn, Vee 552 
I TRA EMINe Grouteney) MePyEeVoMys doneeocootcootoocesoncnvcecouwaneunee aR 
Zo enysiologicalvaninral georraphy....,.°.<. 22% 2 = stile ae ee eee 554 

II The physiological characters and distribution of particular species of 
PIE DCCL ICS eens crc. vice 0.6 85 9 dts), a begilg as el REA te ge 556 
Age\iatenialskocenerallhalbubs:.. ch. sss aussie Eee eke ee renee eee 556 
Ig iveproductive: Processes. 230.2905. 5 7 ee eee eee 557 
PA ADE WAY, EHC LY OLN) OF a near ee ea 557 
este bd MUG aY0 Ld cose sched Gch eee ae eR een HEAL ee os 558 
B Habitat relations of soil-inhabiting tiger beetles................. 559 
Gh ASionj OuUEowxsyelbhon] of NMR Me Remote cto lshceohAnowaes ce sic 559 
iGeneral behavior of adults?) 20.5. oanem ac hae ee ee 559 
An ticologicalrelationsiot adults. : sa. aco tae ee 560 
See colocicalenelations ote larvae ar eee eee 561 
4 Experimental studies of habitat selection ........... 566 
5 Ceorenjoane: Chisel owonmiOws ss wn gn oc da dceaasol sc covedso, 567 
67 Geographic variation in: habits7.).0 440 eee eee 568 
beaCicindelsy tranquebarica.-.'-.:\ 03" > sek nena eee ee eee 568 
ComO Risen Ob Laas cic has od wee Fle oo) sede OE are 575 
d= Other species: Moo... 5. 0: ie ae eee ene 584 
Genera eonsiderationss | .4.(. ji. hece Sonate ue ae ee ee ee 586 
1 Importance of breeding instincts and breeding place........ 587 
2 Relation of behavior to the habitat and associated forms... 588 
oy Meaning of yariation im habits:.e-.- 40ers ee 589 

4 The relation of geographic to local distribution-governing 
PACEOTS ss SHON owe sie diehele. 4.2 lola ae cee to eee ee (0) 

III. The physiological characters and distribution of groups of species (for- 

HT AEIOTM Se eencenere cn tra eck tee NR, LORE OER, Be Ree TN ey eC 591 
AE AOOlLOPICAlopInions anGdad ili CUltleSi are nee 591 
Bee Natuneroftethesen vironment cr. - Acie erae ie ee seen ee 592 
© Environmental relations of animals. 99252 a... .05. eee 592 

1 Comparison of the environmental phenomena of plants and 
E51 O00 0) ES) A en ERS 5 5 cA Me aint ald ot anh cae 592 
2) bhemostamponrtant relationsoteaninis | See eee 595 
ae WuneUmMethodsor INVES tie a ulONee eer tee ere 595 
551 


HO VICTOR E. SHELFORD 


3 The relation of physiological characters to geographic range. . 596 


a Laws governing the reactions of animals.............. 597 

by Law? of mimimumtys..755 152 ho eno ot eee 597 

c Law of toleration of physical factors..--............5- 598 

4. ~"Fentative laws of distribution’. .a.% 22204 ie eee oek one 600 

De Clagsiticanionvolsenvaronmmlentses: ee et eee 600 

1 Elementary principles:ef classification...... 2.5.5. 4..24.... 5 601 

2 The best index of geographic complexes..................... 601 

Hache animal tormeationssse anaes oe ene ae ee ee eee 602 
(Classification ofetormstiOnsae seer eran anne 603 

AM Erinciplesmote <classiicatiOne ss hae eta eee 603 

b The geographic formations of the world.............. 604 

IV The problems, methods and relations of physiological animal geography. 607 
ASIP To blemish: asc pee ot ie tec ee ee Ghat eis Rae Ee ee ae 607 

fl PAB chad Or vere cr ee etre ead utc re net ete Ue) TC ACT Ean 607 

2) EP STONO LYLE tele ee ee ented oe nae eet ee 608 

Be MMleth ods thts ..r tees Rie paraa ree Nate? 29S ree ah pd eg ee 609 

CG Relations tocounem cub jecusermres cre yest re ttt 0 cee en eee ee 609 

ID) ehechuture: brol@giygrascccer ce crt ecm ae eter iceas ole pntie ee tans eee 611 

Vi General <suimimary ss 0 oe crit eee oe ee ee rete ee ee ee 612 
Acknowled omiemtsi (eyo )sass 2 aero eT Tee ot 8 613 
Bilbliggrapliyiwes.p-eire eats voeke sche nae EEE Rec hoi. oe ae eee 615 


I.’ INEFRODUCTION 


Only a working knowledge of the facts of animal geography 
is necessary for the recognition of at least two or three lines for 
the development of investigation, and for organization into a 
science. Likewise, a casual inspection of the existing liter- 
ature, indicates clearly that only one or at most two of the pos- 
sible lines of investigation have received attention; facts have 
been accumulated very largely from the point of view of animal 
structure, and organization has been based on evolution. Physi- 
ological lines have been proportionately neglected. It is our 
purpose to point out some of the possibilities of investigation 
and organization along physiological lines.! 

‘ When my paper on the life-histories and larval habits of the tiger beetles (’08) 
was prepared, it was my intention to follow it a year later with one on their ecology 
and distribution. While attempting to prepare this, it became evident that many 
of our so-called principles of distribution and some of the méthods employed in 
its study, were not wholly trustworthy as a basis for generalization. Before inter-' 
preting the beetle data, further observation and the examination of the existing ~ 


literature seemed advisable. We present here a point of view which developed 
in connection with this uncompleted task. 


PHYSIOLOGICAL ANIMAL GEOGRAPHY Dae 


The materials of animal geography may be roughly classified 
into fact and interpretation. Interpretations have been related 
to genetic or historical geography, fields in which speculation 
has been common. Since the methods employed and the con- 
clusions reached are quite familiar, we will take up the discussion 
so far as possible, from the point of view of facts. 

The facts of animal geography fall under two main heads: 
(a) facts concerning the structural and the taxonomic differences 
and resemblances of the animals of different parts of the world, 
and (b) facts concerning the physiological and ecological charac- 
ters of animals which enable them to live under the geographic 
conditions in which they are found, and the effect of geographic 
environments upon their behavior, physiology, and mode of life. 
The former is what is commonly known as faunistic animal 
geography, the field in which nearly all the InvesHee won has 
been concentrated. 


1. FAUNISTIC ANIMAL GEOGRAPHY 


a. Point of view. The point of view is essentially that of 
speculative evolution, of the evolution of animal groups and of 
the evolution of barriers and land masses as related to the dis- 
tribution and dispersal of animals from the supposed centers of 
origin (Wallace, ’76; Osborn, ’02). The subject is even more 
strongly committed to speculative evolution than any other 
phase of biological science. 

The study of so many phases of biology from the point of view 
of an inadequate conception of evolution, which has been so prev- 
alent during the past forty or fifty years, has probably materially 
retarded the unification and progress of biological science as a 
whole. In the case of the geographic aspect, the damage done 
is quite beyond repair, for the great mass of ecological data accu- 
mulated during that period has not been preserved and the condi- 
tions which make such observations possible have passed away, 
too frequently forever, before the hand of civilization (Haddon, 
03; Webb, ’03). | 
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b. History. The history (Ortmann, 796) of faunistic animal 
geography is largely that of the ideas of regions, centers of dis- 
persal, barriers, ete. The only recent writer who has advanced 
other ideas is Seitz (’91), who called attention to the resemblances 
of the forms of similar habitats in different parts of the world 
(Beddard, ’95). 


2. PHYSIOLOGICAL ANIMAL GEOGRAPHY 


a. Point of view. There are two distinct points of view for 
biological investigation. One is that of evolution; the other, that 
of physiology, or the explanation of the organism in terms of 
physics and chemistry. One may make a physiological explan- 
ation of the behavior or structure of an organism and in no wise 
explain its evolution. On the other hand one may make an evo- 
lutionary explanation of an organism without making any con- 
tribution to its physiology. The study of physiological animal 
geography may be conducted independently of the problems of 
evolution. It does not need to be concerned with centers of 
origin, or paths of dispersal, or with other problems of faunistic 
animal geography. In this paper we are concerned solely with 
the physiological relations of animals to natural environments. 

b. History. Crude expression of some of the ideas which 
should be included in this subject is no doubt as old as biology 
itself. From the standpoint of particular taxonomic groups, 
various writers on natural historyy ecology, behavior and physi-* 
ology have from time to time touched upon the relation of habits, 
ecology, or physiology to geographic distribution of particular 
species (Semper, ’81).2. Ortmann (’07) especially emphasizes 
the importance of a knowledge of the habits as a means of inter- 
preting distribution. Indeed, this is an important principle of 
ecology, and lacks definite formulation rather than recognition. 

From the point of view of all the animals of a given set of 
environmental conditions, Thomson gives the early history 
in his introduction to Brehm (’96). The early observations were 
made by men whom Thomson designates as naturalist travelers 


> Semper brought a large number of these facts together as they existed in 1879. 
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of the biological type, the most noted of whom were contempo- 
raries of Darwin, such as Bates, Belt, Wallace and Brehm. Though 
anthropomorphic, at least in his wording, Brehm stands as one of 
the foremost writers of the time in this field of animal behavior. 

He had unusual power as an observer of the habits of animals. His 
particular excellence is his power of observing and picturing animal 
life as it is lived in nature, without taking account of which biology is 
a mockery and any theory of evolution a one-sided dogma. The success 
of the pictures which Brehm has given us of bird-bergs and tundras, 
of steppes and desert, of river fauna and tropical forest, raises the wish 
that they had been complete enough to embrace the whole world. 
Thomson. 


An excellent discussion by Craig (’08) who compares the be- 
havior and adaptation of the birds and mammals of the steppe of 
North America with those of the forest,? is the only recent paper 
of this kind, by a zoologist, which has come to my attention. 
There has been, so far as I have found, no comparison of the 
behavior of the animals of the different deserts or different 
steppes, etc. 

While physiological animal geography is a subject for experi- 
mental study, experimental methods can hardly be said to have 
been used in the study of geographic distribution. Experimental 
researches which have involved distribution are limited chiefly 
to investigations of the reactions and local distribution of aquatic 
and cave animals (Banta, 710). 

In the field of plant geography, Schimper’s (’03) work indicates 
the first step in the development of the world-wide aspect along 
physiological lines (Cowles, 09). This work opened a new and 
fruitful field for experimental work and field observation. Here 
Warming (’09), Cowles (’01), Whitford (’01), Transeau (’03, ’95) 
and others contributed much from the observational side, while 
others have done important experimental work. 

In the presentation of data and in the discussions here we 
illustrate two points of view for investigation by classifying the 
materials roughly into (a) those related primarily to the par- 

®’ The work of Adams (’05, ’09), and Ruthven (06), was conducted with refer- 


ence to all the animals but from a genetic rather than a physiological point of 
view. 
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ticular species of tiger beetles, and (b) those related to the entire 
group of animals inhabiting a given environmental complex. 


II. THE PHYSIOLOGICAL CHARACTERS AND DISTRIBUTION OF 
PARTICULAR SPECIES OF TIGER BEETLES 


A. MATERIAL: GENERAL HABITS 


The tiger beetles are graceful, predatory, swift-flying insects, 
whose bright colors and great variability have long been familiar. 
The following general account of habits applies to all the species 
especially considered here. The life-histories consist of the egg, 
three larval stages, the pupa and the adult. When the beetles 


Fig. 1 From left to right—the ventral, side, and dorsal view of the ovipositor 
of Cicindela purpurea with segments numbered. Three times natural size. 

Fig.2 The egg of C. purpurea in position in the hole in the ground made by the 
ovipositor. One and one-half times natural size. 

Fig. 3. The egg. Three and one-half times natural size. 


emerge from the pupal stage in summer, they are not sexually 
mature. Many species hibernate during the winter following 
emergence. Hibernating species (Shelford, ’08), reach sexual 
maturity after several warm days of spring. Previous to sexual 
maturity, the animals are in a different physiological state than 
when sexually mature, and they accordingly behave differently, 
congregate in different places, and never attempt to use the ovi- 
positor. 
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1. Copulation and egg-laying 


The beetles copulate on warm days, especially when the atmos- 
pheric humidity is high. The eggs are laid in small vertical holes, 
7 to 10 mm. deep, made by the ovipositor (figs. 1, 2 and 3). 


2. The larva and pupa 


The larva, which on hatching excavates a vertical, cylindrical 
burrow in the position of the ovipositor hole, is elongated, yellow- 
ish, and grub-like, with a number of brown spots on each abdom- 
inal segment, and with a dark-colored, strongly chitinized head 
and prothorax of unusual form. The head bears two pairs of 
large ocelli on the outer border of the upper surface, two pairs of 
small ones on the lower surface immediately below them (figs. 4 
and 5). The mandibles, instead of extending downward or for- 


Fig.4 The larva, side view; h, hooks. Three times natural size. 
Fig. 5 The anterior half of the larva; an, antennae; mp, maxillary palp; m, 
mandible; o, ocelli. Three times natural size. 


ward as is usual in insects, are curved upward, and when closed, 
overlap above the anterior end of the clypeus. The lower side 
of the head is somewhat hemispherical, the upper side flattened, 
and, with the appendages, almost semicircular in outline. The 
prothorax is semicircular, flattened above, and projects at the 
sides. Taken together, the head and prothorax form nearly a 
circle. The meso- and metathorax and abdomen are soft and 
fleshy. On the dorsal side of the fifth abdominal segment is a 
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hump-like outgrowth which bears a pair of long, curved, anteriorly 
directed hooks (A, fig. 4), a pair of short vertical spines, and many 
strong bristles. The last two abdominal segments are also 
armed with strong bristles. 

In moving up and down in the burrow the larva uses the dorsal 
hump, the legs, and the last abdominal segments. The animal 
turns around in the burrow by bending the anterior part of the 
body dorsally, and forcing the head past the dorsal side of the 
abdomen which is held in position while the anterior part is 
moved by means of the feet. When at rest in the burrow, the 
animal assumes a zigzag (Enoch, ’03) position as shown in fig. 4. 
When waiting for prey at the mouth of the burrow, the same 
general position is maintained, but the head and prothorax are 
bent at right angles to the longitudinal axis of the meso-meta- 
thorax. The legs, the vertical spines of the dorsal hump, and the 
strong bristles of the last two segments hold the animal in position. 
The head and prothorax just close the round opening and the 
mandibles are extended. If a small or medium sized insect 
pass near, the larva strikes atit with its head, by suddenly straight- 
ening the body in the region of the meso- and metathorax (Geof- 
froy, 1762), at the same instant closing the mandibles with a 
snap that can be distinctly heard, if the prey escapes them. If 
the insect caught be of small size, the larva darts backward to 
the bottom of the burrow with its prey which is devoured at 
leisure, the inedible parts being brought to the surface and cast 
out. If the prey be large (for example, a cabbage butterfly, as 
was observed by Weed, ’97), it is held at the entrance of the bur- 
row. The forward projecting hooks of the dorsal hump serve 
to prevent the butterfly from dragging the larva out of its hole, 
while its blood is being withdrawn. The pupa is of the usual 
beetle type (fig. 6). Pupation takes place in the ground. 


3.. LFfoud 


The food of both larvae and adults consists of sow-bugs, 
centipedes, spiders, dragon-flies, butterflies, beetles, flies, and 
larvae of all sorts, in fact, any small animals that come within 
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reach. If larvae are not fed, they will not die for a week or two, 
or even longer, but the lengths of their periods of growth are 
greatly increased. 


B. HABITAT RELATIONS OF THE SOIL-INHABITING TIGER BEETLES 
(CHARACTERISTIC DATA) 


The environmental relations will be illustrated by the relations 
of three species of Cicindela purpurea Oliv. subspecies limbalis 
Klg., tranquebarica Herbst, and sexguttata Fabr. 


Fig.6 The pupa. Three times natural size. 


a. Crcindela purpurea limbalis 


The adults are beautiful red and green, though not strikingly 
conspicuous forms. Eggs are laid in June; the larvae hibernate 
usually in the second instar and pupate in the second summer. 
The imagoes emerge about a month after pupation, hibernate, 
and become sexually mature late in the third June. The larval 
life lasts twelve to thirteen months; adult life, ten months; two 
years between generations. 

1. General behavior of adults. They are not strong fliers, but 
are very alert and start to fly whenever one approaches them. 
The form of the moving object is not important; size and move- 
ment produce the reaction apparently without reference to form 
and color. I have not been able to ascertain that they turn 
and face an approaching person with any degree of uniformity, 
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as is asserted by Comstock (’04), and have never seen them fly 
into vegetation, or crawl into crevices. 

2. Ecological relations of adults. a. General conditions at 
the point of study. My studies have been conducted along the 
west shore of Lake Michigan between Lake Bluff and Winnetka, 


Fig. 7 “Diagram showing Lake Michigan bluff as seen from the zenith. U, leve! 
surface of upland; BL, bluff; SB, sandy beach; M, water, L. Mich.; J, piers; to- 
ward the left is north; sand has lodged on the north side of the piers. AB and 
CD indicate positions of cross-sections below. 

Fig.8 Cross-section AB. Slumping bluff stage. The adults of C. limbalis are 
distributed from A—B; the larvae, sparingly, from EF to F. Other letters as in 
figs: 

Fig. 9 Cross-section CD; stage of some bluff stability and bare clay exposure. 
Adults of limbalis between C and D; larvae plentiful between G and H. Other 
letters as in fig. 7. 


Illinois, but my attention has been concentrated on the habitats 
near Glencoe, Illinois. 

Between the points mentioned, the lake is eroding its morainic 
shores. Steep banks have been formed by this action which 
are from 11.4 meters (38 feet) to 20.4 meters (68 feet) in height. 
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The steepness of the slope makes conditions severe for plant life. 
It is only where inactivity of forces of erosion has decreased the 
steepness of the slope, that scattered plants are present. Where 
the slope is still less steep, the bluff is sometimes covered with 
forest. 

On the upland adjoining the bluff are stretches of meadow, 
woods, and sometimes pastures, all intersected by paths, roads, 
and ravines. All these furnish bare ground which apparently 
is essential to these tiger beetles. At the base of the cliff is fre- 
quently found a narrow stretch of sandy beach, which varies in 
width from 1 to 25 meters (figs. 7, 8 and 9). 

b. Loeal distribution. The adult beetles of C. limbalis are 
found on the upland near the bluff in all of the bare places just 


Fig. 10 The burrow of C. purpurea limbalis; p.c., pupal cell. One-third 
natural size. 


described, and on the steep clay bank and the sandy beach— 
about equally distributed in proportion to the area of the bare soil 
exposed (figs. 7, 8, 9). If the number be greater in any one of 
the situations, it is on the sandy beach. If the adults be about 
equally distributed on the different areas, which of these are we 
to consider the habitat of the species? Let us inquire into the 
habits of the larvae. 

3. Ecological relations of the larvae. a. Local distribution. 
I have carefully watched the larvae of this species (fig. 10) in 
their external environmental relations for five years in the vicinity 
of Glencoe. They are found almost exclusively on the clay 
bank (fig. 11). Occasionally larvae are found in bare places on 
the steep banks of the ravines. Three or four individuals were 
once found on the top of the bluff in a bare place on level ground, 
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EXPLANATION OF FIGURES 


11 The habitat of C. purpurea limbalis near Glencoe, Illinois, showing several 
stages in the development of the forest on the bluff. The area to the right of the © 
imaginary line between a and 6 is stable enough to support some sweet clover. 
Here the tiger beetle larvae are most abundant. The area between lines joining 
a and b and a and ¢ is in the early shrub stage. To the left of ac the shrubs are 
denser, and larger and some trees are present. 

12 Habitat of C. tranquebarica in the pine zone of the ridges at the south end 
of Lake Michigan. The dark portion in the foreground is the shadow of a tree. 
At the left is the cattail zone of the depression; between a and b, the sedge zone; 
between b and c the zone of high depression plants. The white blossoms here are 
those of Parnassia caroliniana; their distribution, September, 1906, corresponds 
approximately to the distribution of the larvae of C. tranquebarica which arose 
from eggs laid in May and June, 1905. The portion above and to the right of 
c represents the higher portion of the ridge and the habitat of C. scutellaris. 
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but these are the only ones found in such a situation, as compared 
with over six hundred actually dug from the clay bank. They 
are entirely absent from the sandy stretch at the base of the bluff. 
I have dug very many larvae of Cicindela lepida from this situ- 
ation, and have never found a single larva of C. limbalis. How- 
ever, larvae of C. limbalis are not equally abundant on all parts 
of the clay bluff. The portions which are very steep, subject to 
land slides in the spring, and very dry in summer, are essentially 
without larvae. The forest covered portions are without larvae. 
The shrubby parts are inhabited only in the open places. The 
bare places with a few herbaceous plants have the greatest nwmber 
of larvae. 

b. Migration of larvae. As I pointed out in 1908, the larvae 
of this species rarely migrate, but remain at the point where the 
egg was laid. Only fifteen per cent of them left their burrows 
during a period of two or three weeks after they had been dug 
from their normal habitat and placed in holes made with a wire 
in moist sand. In eighty-five per cent of the cases the larvae 
smoothed off the sides of these burrows, and remained in this very 
unnatural situation—one in which all of the physical conditions 
had been changed. The steep, sloping clay had been replaced 
by level sand, resistantly packed particles of clay, by coarse sand 
grains, and the solid edge of the burrow (fig. 10) by the crumb- 
ling sand. In the field, I have never seen larvae crawling on the 
ground. Burrows have been found empty in a few cases in 
digging about six hundred larvae. In one or two cases the dead 
larvae were found in the burrows and as these would soon disin- 
tegrate and leave the burrow apparently empty, vacant holes may 
have been left in this way. Then again, ants may overcome a 
larva, and after chewing off its antennae and tarsal joints, drag 
it from the burrow. While larvae may occasionally migrate, the 
empty holes are not so numerous but that their occurrence may 
be due to other causes. 

c. Loeal distribution of larvae dependent upon adjustment in 
egg-laying. The larvae vary in position from year to year appar- 
ently with the weather conditions at the time of egg-laying. They 
live for a little more than a year. In 1906 the full grown larvae 
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were found on the higher and drier parts of the clay bank. The 
eggs from which these larvae were hatched were laid in June of 
1905. The total rainfall at Chicago, from January to June inclu- 
sive, was 42.5 cm. (17.1 inches), for April, May and June 29.0 cm. 
(11.5 inches), and for May and June 21.0 em. (8.4 inches) and for 
June 8.0 em. (3.2 inches). 

In 1907, cn the other hand, they were on the low places near the 
springy situations and in small gullies, the eggs from which these 
larvae hatched having been laid in June 1906. The rainfall from 
January to June inclusive in 1906 was 29.0 cm. (11.6 inches), 
from April to June inclusive 14.5 em. (5.8 inches), for May and 
June 10.0 em. (4.0 inches), and for June 4.7 em. (1.9 inches). 

The failure of the larvae to migrate stands out clearly even a 
year after the egg-laying took place. The larvae of this species 
usually adjust the depth of their burrows to the temperature 
conditions of the sand in which they were placed under experi- 
mental conditions. In nature, however, I doubt that these larvae 
can dig their holes deeper when the soil becomes dry and the tem- 
perature high, because at such a time the clay is very hard. 

d. Relation of larval habitat and distribution of food to the 
distribution of adults. In a natural indentation of the coast at 
Lake Bluff, Hlinois, a beach of considerable width has been depcs- 
ited and the bluff bears a very dense forest. No larval habitat is 
present, and the adults of C. limbalis are not present on the beach. 
Their food is at least as abundant here as where the clay bank is 
bare. 

As we have stated, the tiger beetles feed over an area much more 
diversified and much greater in extent than the breeding place 
or larval habitat. 

The adult beetles feed on any available animals. The feeding 
areas which are adjacent to like breeding places differently 
located, are frequently very different, and are occupied by very 
different food species. The food is then of necessity different for 
forms living in different places. 

In captivity the adults have been fed with lean meat of various 
sorts (beef, pork and mutton) which they eat readily when fresh. 
They also pick up the ants, Thysanurans, etc., in the cages, and 
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when not fed, devour their own species. The food relations are, 
then, highly regulatory, the animal feeding on available food. 

4. Experimental studies of habitat selection. a. Methods of 
experimentation.‘ Do the adults select their egg-laying place? 
To answer this question, adults were placed in cages containing 
soil of several kinds. Each kind was so arranged into steep and 
level parts, that about one square foot of each type was exposed. 
The adults placed in the cage were taken when the species was 
copulating freely. The soil was kept very moist up to the time 
the first ovipositor holes were made because this species lays only 
in moist soil. After this the wetting of the soil must be done very 
cautiously, so as to prevent washing eggs from the ground in steep 
parts. Accordingly, the holes were not obliterated from day 
to day and the counts are not accurate for the soil in which a 
large number were made because eggs are sometimes laid very 
close together and adjoining holes destroyed. Some eggs are 
deposited in irregular cracks and crevices where they are likely 
to be overlooked. The greatest care was taken to discover every 
hole made in the soils in which larvae do not occur in nature. 

b. Results. The following table shows the approximate 
number of holes made in the clay and probably the actual number 


TABLE 1 


The distribution of ovipositor holes and larvae of C. purpurea limbalis under experi- 
mental conditions 


SAS | CLAY, 9 PTS. POREST | HUMUS, | pT. | CLEAN 
= HUMUS, | PT. | HUMUS | SAND, 9 PTS. | SAND 
Sih al s BAI lh Aes Li: | Sula 
| ies pa ees +. | — 
OR ih eh Holes 5.5) oO) ysineed) 0 0 0/0] 0 07 Orie 
\Larvae.....: 9 0 0 OVO OnieeO 0 | 0;|0 
Pa aE Holes....... 21 Bip] 0 dO", | 0 04)= SON yenO. a Galea 
; 2 = hiayaes ae, | 12 a 0) OM nO | 0 0 0 |10;0 
Tet Ca \Holes.......| 17+ 7+ i! 0 | 0 | 0 0 0 | 0/0 
|Larvae......| 24 10 1 ON Os Os = 0 QO One 

| 


S = steep; L = level. 


* Each experiment requires daily attention for from one to two months, as well 
as considerable greenhouse space. 
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made in the other soils, together with the number of larvae which 
appeared; 80 per cent on the steep slope, 98 per cent in clay. 

The count of holes includes some in the first stages of digging, 
mere scratches on the ground, and others which had been exca- 
vated to the usual depth with or without eggs being laid. 

c. Factors controlling egg-laying. Pairs taken in coitus were 
placed in cages containing sand only and level clay only. No 
larvae appeared in either case. The experiment with the level 
clay has not been repeated. Females placed in cages containing 
rough, steep clay, deposited eggs. Eggs are also absent from dry 
soils, whether steep or level. 

Slope, kind of soil and soil moisture are factors governing the 
deficiency or absence of eggs. A deficiency or excess in any one 
of these respects decreases the number of eggs laid, or causes them 
not to be laid at all. The animals are in the condition for egg 
laying for a short period. 

d. Method of selection. It has been determined by opening 
holes that eggs are not laid in all, and in one case the first holes 
made by a female were empty. This would tend to show 
that they try the soil before laying the eggs, but I have not been 
able in other cases to determine whether the first holes contained 
eggs ur not. To determine this, it would be necessary to watch 
a female all of.the time during several days. 

5. Geographic distribution. a. Distribution of the species. 
This species occurs from the Island of Mount Desert on the coast 
of Maine, northward along the coast of Nova Scotia and New 
Brunswick, up the St. Lawrence River, through the region of the 
Great Lakes, and westward across the northern part of the great 
plains to Alberta, and south along the eastern slope of the moun- 
tains; southward in the upper Mississippi Valley to St. Louis. 
Its place in the great plains and southern prairie region is taken 
by other forms recognized as other color varieties, but so far as 
is known, similar in habits. These forms are the varieties or 
subspecies transversa, splendida, amoena, denverensis, and ludo- 
viciana. Splendida has recently been recorded by Sherman from 
western North Carolina. Occasional specimens are recorded from 
Kentucky, Tennessee, and northern New Jersey. It is evident, 
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since none of these states were mentioned in the old state records 
of early collectors, that the beetles have dispersed into this region 
with the cutting of the timber and the building of roads and rail- 
roads, which have exposed large areas of clay bank. 

There are also taxonomic difficulties and lack of knowledge of 
larval habits. No map of the distribution of the species will 
be published until we have investigated the subject further. 
It is clear, however, that the distribution area of limbalis is one 
in which moist clay banks are common. It represents the margin 
of the ice sheet, the region of extensive clay deposits which are 
being eroded rapidly, and the slope of the mountains where erosion 
is also rapid. It is closely correlated with the behavior of the 
species. Its geographic distribution appears to be determined 
by the same factors as its local distribution. 

6. Geographic variation in habits. The relations to soil and 
topography do not vary greatly geographically. The various 
races mentioned as occurring in the southern part of the range of 
the series differ sufficiently in structure and color to constitute 
subspecies in the opinion of good taxonomists. Still a number of 
observers, Messrs. Lantz, Wickham, Wolcott, Smyth, and Clover- 
dale, tell me that the adults of all are associated with clay banks. 

Near Chicago the larval life is a little more than a year, thirteen 
to fourteen months, and the adult life ten to eleven months. 
Criddle (’10) has confirmed his statement (’07) that the larval life 
lasts two years in Manitoba. The depth of larval burrows in 
Manitoba is 15 em., near Chicago, Illinois, 5-10 em.; the adult 
burrows at Aweme are 15 em.; at Chicago, in captivity, 5-8 em. 


b. Cicindela tranquebarica Herbst 


The usual color of the adults in eastern North America is brown. 
The life-history differs from that of C. limbalis in the following 
points: (1) Eggs are laid in May; (2) larvae pass the winter in 
third stage. 

1. General behavior of adults. They are a little shyer than C. 
limbalis and more difficult to capture. They start when ap- 
proached by a moving object, and when alighting, frequently 
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turn toward the observer. They almost never alight on vege- 
tation. When caused to fly up from a narrow path, they fre- 
quently fly in a circle and return to a point behind a person moving 
forward. I have never seen them crawl under objects when pur- 
sued. They excavate burrows for the night and cloudy days. 

2. Kcological relations. a. Area of special study. They 
have been studied specially at the south end of Lake Michigan. 
Here the species is found only on the ridges with pines. These 
ridges were originally thrown up under water near the shore. 
By the falling of the surface of the lake, which has amounted to 
a total of 18 meters since glacial times, ridges have been left out 
of water perhaps about as fast as they were formed. We have, 
then, a series of them of different ages, arranged in order of age. 
The youngest are nearest to the shore. Their width varies from 
five to thirty meters. Long, narrow ponds of corresponding age 
occur between the ridges. As a given ridge came above the sur- 
face of the water, it often received wind-blown sand; there is little 
or no vegetation on the youngest ridges. 

b. Local distribution. C. tranquebarica is absent from the 
ridges with sparse vegetation. On the ridges on which young 
conifers are found together with various herbaceous plants along 
the pond margins, C. tranquebarica is present. Adults are nu- 
merous along the margins of the ponds and all over the ridges, 
particularly on the sandy ‘blowouts,’ or points where the wind has 
removed some of the sand and keeps the vegetation from growing 
up. The beetles frequently burrow into the sand for the night 
and for hibernation. Food is abundant on the white sand areas 
and the beetles find advantage in its conspicuousness, which no 
doubt causes them to congregate on these places to feed. 

When an area of denuded sand, in which ponds or depressions 
are present, is deposited or exposed, vegetation appears first 
nearest the water. Humus accumulates, blackening the soil and 
making conditions favorable for more plants, so that a turf is 
soon formed near the water. Similar processes are going on higher 
up on the side of the pond margin and it is soon captured by the 
plants. It is on the ridges in which the soil just above the very 
moist or sedge zone is blackened by humus, but still not completely 
occupied by the roots of plants, that we find C. tranquebarica. 
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The succession of plants does not end here, and we find shrubs 
coming in and the turf migrating farther and farther up the slope 
of the pond margin. Shrubs shade the pond margin. The pines 
on the ridges are displaced by oaks and the undergrowth of her- 
baceous plants becomes denser; the pond margins are densely 
covered with turf or shaded by shrubs and trees. Though the 
higher portions of the ridges, namely, the feeding grounds, are still 
bare, C. tranquebarica is not to be found. The species must then 
have some vital relations to the pond margin. 


Fig. 13 The upper part of the burrow of C. tranquebarica, pupal cell shown by 
dotted line. One-third natural size. 


3. LHeological relations of the larvae. a. Local distribution. 
The general behavior of the larvae is similar to that of C. limbalis 
The holes are, however, deeper and straight: (fig. 13). The larvae 
of C. tranquebarica are found in clay, alluvium, or sand, and have 
been reared or identified from all of the kinds of soil mentioned 
in the discussion of the adults. In our sandy area of special 
study, they are found near the pond margins only. In all the 
localities referred to in connection with the adults, the larvae have 


PHYSIOLOGICAL ANIMAL GEOGRAPHY 571 


been found in soils with a moisture content similar to that near 
Chicago. 

b. Migration of the larvae. The larvae of this species rarely 
migrate. I have watched the larvae that appeared in the exper- 
imental cages after the soil had been permitted to become very 
dry, but none of them moved during several weeks. 

c. Variation in local distribution. The distribution of larvae 
in Gary in 1906 corresponded to that of the white blossoms of 
Parnassia caroliniana which are shown in fig. 12. Their position 
varies from year to year, according to the rainfall as in the case 
of C. limbalis. 

d. Relation of the larval distribution to the distribution of 
the adults. On the pond margins where herbaceous plants have 
been displaced by shrubs, C. tranquebarica is not present, al- 
though the higher parts of the ridges are bare and much like they 
are where C. tranquebarica is present, indicating that the adults 
disappear with the larvae. 

4. Experimental studies of habitat selection a. Method. 
Adults of C. tranquebarica were placed in cages which were much 
like those which were used in the work on C. limbalis, but the 
soil was all essentially level. 

b. Results. The results were as follows: 


TABLE 2 


The distribution of ovipositor holes and larvae of C. tranquebarica under exper imental 
I 
conditions 


SAND, 9 PTS.) 


CLAY HUMUS HUMUS, lpr. CLEAN SAND) ees 4 

elo) (see eee eet 7 0 13+ 19 wanting 

1907 | TAY Oe ier ces ak 4 0 25 1 wanting 

jeelolests =: ? 3 25+ 18 wanting 

bimanvae. 09S & 11 3 31 1 wanting 
1908 { Holes. A202 oe, a: 16 wanting 29+ 11 46 
GATE AOC Abr cccer 5 | wanting 41 a 24 


c. Factors controlling egg-laying. One striking difference is 
that the females did not lay with the same precision as did the 
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females of C. limbalis. Very many holes were made in the fresh, 
clean sand, but eggs were laid in only afew of them. These holes 
in the fresh sand have frequently been opened and found to be 
without eggs. Why fresh, clean sand should be so attractive 
to the females and fail to satisfy the final act of egg-laying is 
strange. Pure humus appears to be avoided -when either moist 
or dry. 

During the experiments, the different kinds of soil werekept 
as nearly equally moistened as possible, but a slight depression was 
provided in each. These were wetter and were especially selected 
by the females when standing water was not present. Eggs are 
not laid in dry or very wet soil. Moisture is evidently an 
important factor in controlling the egg-laying. I have found the 
beetles copulating and depositing eggs in my cages, on damp, 
cloudy days. This has not been observed in the case of most 
other species. It would appear, then, that light is not very im- 
portant. However, as in the case of C. limbalis, deficiency or 
excess 1n one factor is sufficient to cause the soil to be avoided or 
only little used. 

5. Geographic distribution. The habitat relations of C. tran- 
quebarica are less definite than those of C. limbalis. We have 
found it on the bare clay of the overflow flats of the Arkansas 
River at Dodge City, Kansas, depending on stream moisture; on a 
path at the top of a terminal moraine at Waverly, New York, de- 
pending on climatic moisture; on alluvium along the Des Plaines 
River at Lyons, Illinois; and on the residual and alluvial soils of 
various parts of Colorado, New Mexico, Nevada and Idaho. In 
nearly all these localities, the soils examined were similar in their 
moisture content. The species is always nearer water courses in 
the more arid climates. The only place in which the soil mois- 
ture was deficient about the burrows was at Las Vegas, Nevada, 
at the height of the dry season. This is a region of winter rain, 
where the soil would be much moister in spring, the egg-laying 
season of the species. The larvae were much nearer the water 
(Las Vegas Wash) than I have found them in the moister 
climates. The bottoms of the burrows were nearly as moist as we 
commonly find them near Chicago. 
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This species includes several races which seem, according to 
the accounts of entomologists and my own observation, to be 
very similar in habits. It stretches across the middle region of 
North America, and ranges from the sea level to 7536 feet and 
throughout four of the zones of Merriam without regard to vege- 
tation, efficient temperature or other climatic condition (table 3). 
A consideration of the races involved is necessary (Horn, ’05; 
Wickham, ’06). The records represented by dots (fig. 14) adjoin- 
ing the Pacific Coast are for well recognized races. All others 
have been cast into synonomy by good taxonomists. The remain- 
ing records including 1I—9 of fig. 14 are then for a single race. Fur- 
thermore two of the races sometimes recognized, horiconensis 
and Wickham’s southern race, have been produced by suitable 
conditions during the late larval and pupal life. Table 3 shows 
the relation of a single race to climatic conditions. 


TABLE 3 


The relation of the distribution of C. tranquebarica to climate. Vegetation and rain- 
fall are approximated, especially for Albertaand B.C. Life zones are approximated 
where detailed maps are not available. The vegetation at Kalso is in question but 
the species has been taken in the mountains near, where there can be little doubt that 
it is coniferous forest. The numbers at the left refer to fig. 14. 


PLACE i STATE = ioe ee RAIN FALL VEGETATION | ( See mM) COLLECTOR 
1 Woods Hole Mass. 5 45.0 deciduous | Transition Author 
forest 
2 | Meridian Miss. 358 58.0 deciduous | Lower Aus- U.S.N.M. 
forest tral 
3 Alamosa Col. 7536 15.0 steppe Upper “ Author 
4  Aweme Man.; 1180 17.45 steppe Boreal Criddle 
5 | Innisfail Alb. 3600 15.0 steppe Boreal TN. Will- 
ing 
6 Caliente Nev. 4407 7.0 desert Lower Aus- Author 
tral 
7 \|Hagerman Id. | 2600 10.0 semi-desert | Upper Aus-, Author 
tral | 
8 Kalso Bai: 1870 25.0 conifer for- Boreal ‘I. W.Cockle 
est 
9 Bridgeport Cal. 64 Seid desert Lower Aus- Wickham 
tral 
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Fig. 14 The distribution of C. tranquebarica as shown by locality records. 
The map indicates general topography. The numbered localities are selected to 
show relations of the distribution of a single race to topography, climate, vegeta- 
tion, and Merriam’s zone (p. 573). 


| 
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Such distribution is characteristic of species which occupy 
environments made by streams, lakes, soil, or other local condi- 
tions. Such species are local in their distribution. 

6. Geographic variation in habits. The life-history at Chicago 
is similar to that of C. hmbalis. Criddle expresses the opinion 
that the larval life is two years in Manitoba, but has not yet 
confirmed the statement. The depth of larva burrows at Chicago 
is 22-50 em.; at Aweme, Manitoba, 43-50 em. 


c. Cicindela sexguttata 


This is a brilliant green form. Its life-history differs from that 
of C. imbalis in the following points: (1) Egglayingoccurs about 
one week later, (2) larvae pass the winter in both second and third 
stages, (3) the adults emerge in August, but usually remain in 
the pupal cells until spring. 

1. General behavior of adults. The adults of this species are 
less alert than those of the other species just discussed. They 
frequently fly and alight on leaves of bushes. When frightened 
in the woods they frequently crawl under a leaf or other object 
on the ground. Sometimes they remain very quiet for a time 
when the body is not all covered and the bright green wing covers 
stand out in contrast to the brown leaf under which they are 
hiding. 

They crawl under the bark of trees at night and in cool or 
cloudy weather, both in nature and in cages, and rarely dig into 
the soil. But one individual moved soil when in captivity. This 
one was in a cage in which a piece of bark lay on the sand present. 
It was found to have removed a small amount of sand to make 
room for its body under the bark. 

2. Ecological relations of adults. C. sexguttata has been 
studied in Massachusetts, New York, Illinois, Indiana, and 
Tennessee. It lives only in or about forests of a certain particu- 
lar type. It is entirely absent from those that have developed 
on low, wet ground, such as marsh forests and humid climate 
flood-plain forests; it 1s not found in the early stages of the oak 
forest nor in the beech and maple (the climax forest of eastern 
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North America) nor in the cotton wood or true coniferous forests. 
It is abundant in and about the white-oak, red-oak hickory forest 
(figs. 15 and 16). 

Climatic conditions influence the relations of this species to 
different types of forests, e.g., in eastern Tennessee they are found 
in much more xerophytice forests than in the vicinity of Chicago 
where the rainfall is appreciably less. 


EXPLANATION OF FIGURES 


15 General view in east Tennessee. 

16. An open place in the oak and hickory forest of the mountain side, a typical 
C. sexguttata habitat. The individuals were seen copulating on the log in the 
foreground. 


I~ 
™ 


578 VICTOR E. SHELFORD 


The Cumberland mountain district was originally completely 
forested. The forest of the valleys was chiefly beech and maple; 
of the mountain slopes, oak and hickory; of the mountain tops 
con.fer. The soils are various, resulting from many different 
kinds of rock. We were unable to find this species in the strictly 
red cedar, pine or beech forest. However it occurs in the more 
mesophytic oak containing ravines of strictly conifer forests and 
in forest of mixed oak and conifer. Sherman records it from such 
situations also. This is not true near Chicago. 

The beetles come out into the little streaks of sunshine on fallen 
trees and bare ground in the early forenoon to feed. The writer 
has seen them picking up insects from the logs in such locations. 
From my observations in the field I am confident that bare spots 
of mineral soil, fallen trees, etc., are essential to this species. 


Fig. 17 The burrow of sexguttata. One-third natural size. 


It is only in such places in virgin or little disturbed forests that 
I have found them copulating. However it is not a particular 
type of forest that is essential to this or any other species of tiger 
beetle, but a certain environmental complex in which a certain 
‘consistency and moisture of soil and a certain amount of sunlight 
and bare ground are the essential things. 

3. Ecological relations of larvae. a. General behavior. The 
burrow resembles that of C. limbalis and is shown in fig. 17. 
This larva is less active than those of the other species, but other- 
wise is similar in habits. 

b. Local distribution. The larvae of this species are very 
difficult to find because they are for the most part under leaves. 
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In eastern Tennessee I found them in bare spots on the steep 
mountain slopes where steepness of slope had prevented the 
accumulation of leaves, and in parts of the forest that had been 
fired recently and the leaves accordingly removed. They occur 
in clays resulting from the weathering of the following rocks: 
Briceville shale, Newman limestone, Knox dolom te, Chicamauga 
limestone, and Conasauga shale. Near.Chicago they have been 
found on clay till, and on sandy till mixed with humus. 

4. Experimental studies of habitat selection. a. Method. This 
species has been placed in cages containing various kinds of soil 
as have the others. The light relations were the same as in all 
of the other experiments, although the light is of more impor- 
tance. 

b. Result: Tables 4-8. Distribution of larvae of C. sexgut- 
tata under experimental conditions. 


TABLE 4 


Relation to slope; sand dry at surface 


CLEAN SAND, 9 PT. eee CLAY,9PT. (FOREST 
SAND | HUMUS1 PT. HUMUS, 1PT. HUMUS 
1907 Ps 2 REMARKS 
| | 
Stale L |s|t/ ss ee Peat 
iolesee (mer oer 0) /-0))0-- | O- (0--/0-F) 0-25 10.0) OS —ssteep 
fanrae eet ee ONO pio” | 0. 14 7 | 5 0 0|0|L = level 
TABLE 5 


Relation to shade; sand dry at surface. 


glass roof and cage screen 


Sunlight in cages ts reduced to one-third by 


| SAND, 9 PT. FOREST | 
CUBAN SAND | HUMUS, | PT. Chay | ukeos 
= - REMARKS 
Selecw sae vu |sjulsiul 
Ah a Poem Re Mie en | 3's oe a Z 
| | 
TICLES ORS nek. 21. Sean ee ? rome Pe sa} 0 0 | S = shaded 
PANVAC © vit: bala 0 8 0 |0|0)|0| 0) U = unshaded 
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TABLE 6 


Clean sand, moist 


| | Opn: 7 Pr. 
1908 | “Sax> | womusier. | AY lrumuaden| RAGHIONGaT HAT 
ae | : 
Lot1l , 
Holes) Mc. e ene 5 | 5+ 18 1 
Tatvyaes 4. ou.c2 ess | 4 | 6 4 1 
Lot De | | 
Holes .. 2-- | 0+ 0+ 0 Clay very dry 
Warviaien ease ee 4 3 1 0 
Lot 3 
lolests. a cemerner 0 | 10 -10+ 5 Two under leaf 
ILENE. SS ob cbvore 6 nas 0 3 12 1 
Lot 4 | 
Holes 565 ane 2+ 1i+ | 54 | 36 | Three under leaf 
Larvaes. aeons aoe | | 37 [ae BS A eles) 
Se = | a — = 
TABLE 7 
Relation to thick covering of leaves 
AND, 9 PT. , ler. 
rie aaMes, ae | SENN eoueD: ee SOS 

| ( All soil covered 
anv eee e 7 34 28 8 with leaves ex- 

| cept clean sand 

| 

| 

TABLE 8 
Total larvae shown in tables 6 and 7 
ee PE aa ae : r Z cu ve 
sano | gumgs,iee. | AX | momug1er. |  SBMARES 
: a | 
| 


Miamvele ere eee \eoee2all 90 56 43 Grand total 210 


Total under leaves: 76. 


PHYSIOLOGICAL ANIMAL GEOGRAPHY 581 


c. Factors controlling egg-laying. The relations to light and 
leaves are interesting. The larvae were frequently at the edges 
of the piles of leaves in such positions as eggs might be placed 
by females, the posterior half of whose bodies were concealed by 
the leaves (fig. 18). Females have been found making ovipositor 
holes, when the posterior two-thirds of the body was under a 
leaf. 

The depositing of eggs in the unshaded portions of the cages 
may be due to the reduced intensity of light, or the shadow of 
the cage frames, which falls upon some parts of the soil at any 


Fig. 18 Showing the position of the larvae of C. sexguttata in a cage. The 
black spots represent the larval holes. The stippled portion represents the 
approximate area in shadow during the middle of the day. 


given time. Nearly all parts pass into shadow for a time during 
each day. All of the eggs may then have been deposited when 
all or a part of the animal’s body wasin the shade. The reduction 
of the intensity of the light to one third that of normal out-of- 
door light may act as a partial shadow to this species. The 
experiments will be repeated in the full sunlight. 

As will be seen by an inspection of the tables most of the eggs 
were deposited in the sand with a little humus. None were laid 
in pure forest humus. The fresh sand and clay were ignored when 
they were allowed to remain dry. Muddy places were avoided. 
It is evident that egg-laying is governed by (a) kind of soil, (6) 
soil moisture, (c) slope, (d) light, (e) temperature (activity only 
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on warm days). Under conditions unsuitable in any one factor, 
few or no eggs are laid. 

5. Geographic distribution. The geographic distribution of 
C. sexguttata is exactly what the general habitat relations would 
lead one to expect. Within fifty miles of Chicago, I have found it 
always associated with the white-oak and red-oak and with a 
single exception also the shag bark hickory. The same is true in 
east Tennessee. Comparing the distribution of the trees, we find 
that the combined extent of the white-oak and hickory represent 
almost exactly the distribution of this species (fig. 19). That is, 
the geographic distribution is the exact function of the local dis- 
tribution (Ruthven, ’07). 


Fig. 19 A combination of the maps of Schimper ’03, and Transeau, 03, showing 
the geographic plant formations of North and northern South America and 
the distribution of Cicindela sexguttata. 

1a, c, d are forests with broad thin leaves. 

la. Dense tropical evergreen forest, rain-forest. 

ic. Dense temperate evergreen forest, temperate rain-forest. 

1d. Deciduous forest. The large black dots in this area represent locality 
records of C. sexguttata; the heaviest dots combined with crosses are placed over 
the centers of states from which it isrecorded. The lines x and y show the relation 
of its distribution to that of two characteristic trees of the deciduous forest. 
The continuous line (x) represents the distribution limits (except along the Atlan- 
tic Coast of the white-oak (Quercus alba) ; the broken line (y) represents the distri- 
bution limits of the shag bark hickory (Hicoria alba), except where its limits are 
coincident with those of the white-oak. The distribution of these is not the 
same as that of the deciduous forest because the map is based on area with more 
than twenty per cent of woodland. In the savanna region (3b) these trees occur 
along the streams as does C. sexguttata. 

2. Coniferous forest (with narrow thick leaves). 

This is mixed with the deciduous forest in the region of the Great Lakes. In 
southern Unites States it does not properly belong to this map because it is 
dependent upon soil rather than climate (p. 600). 

3a. Tropical steppe and savanna. 

3b. Temperate savanna. 

3c. Temperate grassland or steppe. 

4. Evergreen forest with broad thick leaves. 

Sa. Scrub or thorny forest which merges into desert. 

5b. Desert; 3-5 is very arid desert-like steppe. 

Unshaded area in the north is tundra. 


PHYSIOLOGICAL ANIMAL GEOGRAPHY 583 


— 


| | 5 | ; aa 
Ba Aare rd) 
Pex] 2 os eed ORG 
3c [bed4 5a! 

THAIS y | 


oo 


584 VICTOR E. SHELFORD 


It is not to be understood that these forms are in any way 
directly related to the trees, but the trees represent the general 
conditions in which the beetles will live and reproduce. The 
species is an inhabitant of one of the ‘climatic’ realms and will 
be found continuously distributed where the forests are con- 
tinuous. 

6. Geographic variation in life-history. C. sexguttata rarely 
appears in northern localities in the autumn and it is probable 
that it remains in the pupal burrows until spring. The species 
is reported as appearing both autumn and spring in some southern 
localities. At Chicago, the adults appear during April and May, 
while in the western part of the geographic range of the species 
they do not appear until late in June, after the heavy rains which 
soften the soil, so that the imagoes can dig to the surface. 


d. Other species 


1. Experimental studies of habitat selection. By similar 
methods, I have determined the breeding place of the following 
species: C. scutellaris, high, dry sand with a little humus, or 
sand which is not shifting; C. formosa generosa, slightly shifting 
sand; C. lepida, shifting white sand; C. duodecimguttata, very 
moist dark soil; C. punctulata, soils with some humus and moist at 
egg-laying time; C. purpurea, same as punctulata, but in moister 
places, not repelled by considerable grassy vegetation, bare spots 
necessary as breeding places. In every case the range of the 
adults is far wider than the breeding grounds. 

2. Geographic variation in habits. In captivity the larvae of 
all the species studied at Chicago close the burrows near the mouth 
and go to the bottom when the soilis dry. Here they remain inac- 
tive until water is applied. No such closures have been noted in 
the field, except C. lepida, which lives on the dry sand dunes. 
Criddle (’10) says: 

In Manitoba, there are often long intervals of inactivity of the larvae 


of manitoba, venusta, limbata, lecontei, and probably others, during 
the summer months. At such times the larvae close their burrows at 
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the top, and remain apparently without food, and do not grow appre- 
ciably. In 1907, larvae of venusta and limbata closed their holes on 
June 12, and some did not appear again until August 25, nearly two-and- 
a-half months. A few, however, would open up at night, throw out a 
lot of earth, and then retire again. These larvae were always active 
when dug out. This strange habit may be due to the dryness of the 
soil to some extent, though it is not altogether so, as holes have remained 
closed during wet weather, and they are always opened in autumn or 
late summer, and deepened before winter, no matter what the condition 
of the ground is. The extreme heat of the sun may also be a factor of 
some importance. The beetles are unquestionably influenced by tem- 
perature, and will go into winter quarters earlier on a dry, hot fall than 
they do during a cold one, and hot summer days are much preferred for 
commencing winter homes. 


The following table shows the depth of burrows at Chicago 
and at Aweme, Manitoba. It includes all available data. 


TABLE 9 


Showing the relative depths of hibernation burrows of adults and burrows of larvae, 
of the same species, in the same soil. Manitoba, Criddle (07, 7°10). Compare 
with table 10 


LARVAE AbuL? HIBERNATION 
Q | CHICAGO AWEME =) CHICAGO AWEME 
——— = S 
SPECIES Z wn i 
’ B Jepth of 
° F ° : Depth of 
S Pepin of Depth of Burrow B ee Adult in 
a EO a yer De Hibernation 
) i tion 
cm, cm. cm. cm. 
€. limbalis......| clay 5-10 15-20 clay 5-8 7-15 
C. tranquebarical sand? | 22-50 43-50 | clay 15 15-80 
CMiormosaes. ¢) sand 30-50 125-200 sand 62-117 
C. seutellaris.... 
5 Or ~ i | « 
lecontel....... sand 25-45 70 | sand 25-64 
Crlepidaees.....sands| 60-90 145-175 | 
C. 12-eguttata ... allu-| | | 
vial | 5-10 15-37 clay | 10-15 5*25 


C. repanda sand | 10 | clay 5-10 15-20 
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TABLE 10 


Showing the comparative meteorological conditions in Chicago and Brandon (28 
miles northwest from Aweme) during active period of tiger beetles, April to Septem- 
ber, and during the time of digging hibernation burrows (September ) 


. ea 2 Ge si 
a 3 ae eee 
ey ae am 4m uy . 
5 5 as aS) BS o¢ ve 5 
Be aye aa Z =< Bi <8 Ze 2 
=; tay & pS aL 25 a & = 
a Do a SIS S MB ae Zz 
2 Za ra oe a Aw 5A G 
AS De Sa & < = <= as = 
z e 7a) 4 a 3 fe) > Tg Ea) = 2 & 
Ba Ae 7% ° Zw zu ze S 
2p <A < m zie) ab <8 <8 BS 
>i) A < B< ae ged go gm eB 
et & = rt = = = a 
in hrs. deg. percent deg. deg. deg. in. 
about 
Chicacou naa 19.3 1695 70 | 100 43 4 71 a7 33.4 
1BRRHNGKOIM pncn ee seonc, oti 1510 68 SO 33 66.4 | 38 17.45 


On comparison of the data for the two points in question in table 
10, we see that the amount of rainfall, the extremes of temperature 
and the length of season as well as the amount of sunshine differs 
widely at Chicago and in the vicinity of Aweme, Manitoba. 
Comparing these data with those found in table 9, we note that 
the larval burrows are deeper in the climate which is most arid 
and coldest in winter. Likewise the depth of the hibernation 
burrows is greatest where the temperature is lowest during the 
period of digging. 

The shorter season, fewer hours of sunshine, and drought 
accompanied by the periods of inact vity described by Criddle 
may be the cause of the longer ife-histories referred to in the case 
of the three species especially considered here. 


C.. GENERAL CONSIDERATIONS 


We have noted various features of tiger beetle behavior. A 
discussion of the general bearing of this will now bepresented 
under the following heads: (1) Importance of the breeding in- 
stincts and breeding place, (2) the relation of behavior characters 
to habitat and associated forms, (3) the meaning of variation 
in behavior, (4) relation of local and geographic distribution; 
importance of various factors. 
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1. The importance of the breeding instincts and the breeding 
place 


We have shown that the adults range over an area much greater 
than that which the larvae inhabit and that a species is entirely 
absent where feeding habitats of the adults is represented and the 
ege-laying place or larval habitat absent. 

Those tiger beetles which hibernate in situations different from 
the one in which the larvae are found, always return to the breed- 
ing place to deposit eggs. When the breeding place disappears, 
the species also disappears. The larval habitat or egg-laying 
place is much narrower and more definitely circumscribed than 
any other part of the habitat. The breeding place and the breed- 
ing instincts are, then, the center about which all other activities 
of the organism rotate. They are the axis of the environmental 
relations of these organisms. 

a. Comparison with other activities and relations. The breeding 
place and breeding instincts must usually be considered in con- 
nection with the feeding ground, and feeding instincts as well as 
other factors. The tiger beetles will not breed where there is 
not sufficient nourishment for considerable periods. The feeding 
place is often the second consideration after breeding. In the 
tiger beetles, however, the feeding structures and habits are so 
generalized that their food is plentiful everywhere, and the food 
relations need only be mentioned. A third important environ- 
mental relation is that to means and place of escape from those 
environmental factors which tend to destroy the organism, such 
as its enemies, extremes of weather or climate, ete., but all these 
are of secondary importance. 

b. Fixity of breeding instincts. The determination of their 
degree of modifiability or fixity would require experimental work 
which I have as yet been unable to accomplish. There is, however, 
good evidence from field study that the breeding instincts are 
most fixed of all the instincts. Since such behavior characters 
in the tiger beetles are usually specific or racial, they are probably 
modified only by the gradual processes of evolution. 
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2. Relation of the behavior to habitat and associated forms 


There is the greatest difference in the behavior of the different 
species. I have as yet been unable to study this critically, but 
it is at least a very promising field. 

a. Behavior and habitat. As we have noted, C. sexguttata has 
for example, various peculiarities of behavior which are related 
to the forest conditions in which it lives, which are not possessed 
by other forms. As we noted, when it is frightened from a rock 
or bare place, it frequently alights on the leaves of a low tree or 
bush and crawls under the bark of trees for the night, or even 
to hide when pursued. None of the other species which I have 
studied behave in such a manner. I have never seen C. tranque- 
barica crawl under objects when pursued. It does not alight on 
the green leaves of trees or shrubs when they are present. It 
excavates burrows instead of crawling under objects. The be- 
havior of these two species is correlated with the general environ- 
mental conditions. 

b. Inter-physiology, and inter-psychology. Tarde (’03) has 
recently written an article on inter-psychology—the psychology 
of the relations of individuals of the same species (man). To 
this should be added the behavior between different species, while 
acting or living together as one. He suggests that the social 
psychology of man may be traced to the inter-psychology and 
physiology of the lower animals. If this is true, then we can 
be more certain that the inter-psychology of the higher forms has 
developed from the inter-physiology of the lower forms (Craig, 
08 [2]). 

I have looked for the inter-physiological manifestations in 
these beetles, but have found none striking except the mating 
instincts. There is little or no social life. I have found animals 
belonging to totally unrelated species attempting to copulate 
in some cases where the two are dissimilar. 

It seems quite evident from my observations that the more 
marked phases of the behavior of the tiger beetles arise not from 
inter-physiology, but from relations to the species which are quite 


PHYSIOLOGICAL ANIMAL GEOGRAPHY 589 


different in behavior and habit from the beetles themselves. 
This I propose to call intermores-physiology or psychology.® 

c. Intermores-physiology. We have seen the behavior of these 
beetles when pursued, their flight, alighting only to wait for the 
moving object to come near when they start up again, the hiding 
under leaves of C. sexguttata, ete. All this is illustrative of the 
behavior which is related to forms antagonistic in behavior and 
habits. 

The study of the behavior of forms which live together in the 
same situation from the point of view of the relations of the behav- 
ior of the different species is a promising field of investigation. It 
will throw much light on the problems of psychology as well as 
ecology. 


3. The meaning of variation in habits 


We have noted geographic difference in the length of the life- 
history and the depth of the burrows. In 1908 we pointed out 
that severe conditions increase the length of the various stages. 
Criddle has noted that the larvae do not feed for a considerable 
period in the summer. ‘This accords fully with my experimental 
results on the larvae of the Chicago species They stop eeding 
and close their burrows when the soil becomes too dry, or the 
condition otherwise severe. The lengthened life-history of Man- 
itoba forms may be due to the shorter seasons and the failure of 
the larvae to feed for a considerable period. 

We pointed out also (’08) that the larvae respond to stimuli 
by deepening their burrows. The soil conditions in Manitoba 
have not been studied, but the different depths of the burrow 
under different experimental conditions is suggestive. 

The correspondence between experimental results and the dif- 
ferences in the so-called habits in the different localities suggests 
that the apparent variation in habits may be only a regulatory 
behavior response that probably would be found common to most 
individuals of the species. This could be settled by experimental 
study. 


5 Mores (Latin), ‘behavior,’ ‘customs,’ ‘habits.’ 
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4. The relation of local and geographic distribution 


We have suggested in the case of the three species here consid- 
ered, that the geographic distribution of each is the geographic 
distribution of the conditions in which it lives and breeds. We 
have visited several of the different climatic realms in which each 
of these three and many other species occur. So far as ordinary 
observation can go, the breeding and general living conditions 
are similar in the different localities, even though the climate, as 
in the case of Cicindela tranquebarica, is very different. The 
same conditions are found by the species through its moving near 
to water in the arid climates, as compared with the more moist 
climate. 

It is customary to conclude that condi ions are the same because 
the species is the same. Here we have tried in a general way to 
determine whether the species is the same throughout its range, 
by the study of the condition, and experimentation on the animals. 
This is the only mode of attack that can yield definite results. 
It is highly desirable, however, to carry the observations onsoil 
and other environmental factors further with the use of physical 
factor instruments. It is equally desirable to conduct actual 
experiments on each species of beetle at a number of points, 
especially those near the outskirts of its geographic range. This 
would, no doubt, reveal differences of detail which we have over- 
looked, but which cannot, so far as present observation goes, be 
of great importance. 


5. Factors governing geographic distribution 


Our data show clearly that the breeding pe iod is crucial as 
determining the local distribution, and that an excess or deficiency 
in any one factor is sufficient to decrease the number of individ- 
uals present, or cause them to be absent entirely. Any factor dif- 
fering sufficiently from the optimum for a given species is sufficient 
to limit its distribution. There can be no important difference 
whether a deficiency in moisture is due to insufficient rainfall 
or to distance from or height above water, or whether an excess 
of temperature is due to latitude or exposure and accordingly the 
same factors must govern both ocal and geographic distribution of 
the tiger beetles. 
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Ill. THE PHYSIOLOGICAL CHARACTERS AND DISTRIBUTION OF 
GROUPS OF SPECIES (FORMATIONS) 


A. ZOOLOGICAL OPINIONS AND DIFFICULTIES 


There is, I believe, a general opinion among laboratory zool- 
ogists to the effect that no important generalizations can be made 
from data concerning the environmental relations of animals. 
In other words, the data of natural history cannot be organized 
into a science. 

There are at least three good reasons for the prevalence of such 
views. ‘The first of these is that such zoologists are often familiar 
with only a few of the very common species of animals, common 
because their habitat relations are such that they can flourish 
in the conditions which civilization produces or because they do 
not have definite habitat relations, being in this respect an excep- 
tion to the rule. The lack of attention to the taxonomy of com- 
mon forms is also a factor. Animals which belong to different 
species, genera, or even families, are often quite similar in appear- 
ance and so are sometimes regarded as single species. Articles 
regarding American species have occasionally been published 
under the names of Kuropean species not found in this country, 
or at least rare and confined to northern latitudes. 

The second reason results from the fact that relations of animals 
to their environment are not understood. Often we do not dis- 
eriminate between the important and unimportant periods of 
relation to environment in a life-history. The third reason lies 
in the fact that the environment of animals is also not understood 
and the various stages and phases have not been classified so that 
habitat relations can be readily described. 

The lack of knowledge of taxonomy and the simpler facts of 
natural history requires no discussion. On the other hand, our 
knowledge of animal behavior and animal physiology has been 
but little applied in the study of animals in nature, and the knowl- 
edge of environments, which is in the hands of the plant ecologists 
and geographers is not at all well known among zoologists. 
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B. THE NATURE OF THE ENVIRONMENT 


The animal environment is a complex of many factors. Each 
is dependent upon another or several others, in such a way that 
any change in one factor affects several. Some of the most im- 
portant environmental factors are water (atmospheric moisture), 
oxygen, carbon-dioxide, nitrogen, temperature, pressure, currents, 
excretory products, food, enemies, and materials for abode (soil, 
vegetation, etc.). In nature, such combinations of these and other 
factors, in the proportion requisite for the maintenance of the 
life of a considerable number of animal species, are cal ed environ- 
mental complexes (Davenport ’03). 


C. ENVIRONMENTAL RELATIONS OF ANIMALS 


The only features which space will permit us to discuss are the 
physiological and ecological relations. In this field we must 
confine ourselves to a comparison of plants and animals and the 
bearing of the important environmental re’ations on geographic 
distribution. 


1. Comparison of the environmental phenomena of plants and 
animals 


An organism is a system of inter-dependent and definitely 
related processes (i.e., a system in dynamic equil brium). The 
definite relations of the inter-dependent processes of the organism 
(dynamic equilibrium) may be disturbed by changes in the exter- 
nal forces which surround the organism and to which the processes 
are adjusted (Jennings, 06). Such a disturbance is what we ordi- 
narily call stimulation. 

With this idea as a background, we give in parallel columns a 
comparison of the more obvious relations of plants and animals 
to their environments, as shown by experimental work. The 
column on the right is written by Dr. H. C. Cowles, Associate 
Professor of Plant Ecology in the University of Chicago. 
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TABLE 11 
a Comparison of the responses ‘of (motile) animals and (sessile) plants 


ANIMALS (MOTILE) 


PLANTS (SESSILE) 


I. Animal behavior is evident be- 


cause of motility: 


II. When an external stimulus is ap- 
plied to an animal, it responds 
mainly by movements which are 
usually more or less random, 
and which bring the organism 
into various conditions, one of 
which relieves the disturbance 
and the organism resumes nor- 
mal activity, in conditions 
which brought the relief. These 
conditions are not necessarily 
advantageous. (Jen- 
nings. ) 


III. Animal behavior is usually plas- 
tic, 1.e., may be modified by 
external stimuli, but some- 
times appears rigid. 


IV. (Animal structure is only slightly 
plastic. 
occurs in the early stages). 
Structural modifications 
rarely of importance in the life 
of the animal. 


V. The motile organisms of a given 
habitat usually have common 
behavior characters. Com- 
bined structural and behavior 
characters of comparable forms 
of a given habitat, or of similar 
habitats are ecologically equiv- 
alent.® 


VI. The breeding activities of ani- 
mals are probably least modifi- 
able and least regulatory, but 
are governed by the same laws 
as the other activities. 
LOLs Odep 410))e 


The plasticity usually | 


are | 


(Shel- | 


I. Plant behavior is inevident be- 
cause of lack of motility. 


II. Plants respond more evidently 
through changes in form and 
structure. 


III. Plant structures are usually plas- 


tic but frequently appear rigid. 


IV. Structural modification of plants 
is often of importance in the 
life of the plant. 


V. The plants of a given habitat 
usually have common structure 
and functions, or those that 
are ecologically equivalent.® 


VI. The reproductive organs and em- 
bryonic stages of plants are less 
modifiable than the vegetative 


stages of adults. 


§’ The meeting of the same general conditions in a different way constitutes 


ecological equivalence. 


The term was first used by Cowles. 
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b. Discussion of the parallel statements. (11) Animal (or 
motile organism) distribution at any given time is a better in- 
dex of the condition at’ that time than the distribution of plants, 
because when the conditions at a given point become unfavorable, 
the animals (or motile organism) move to another situation, while 
the plants (or sessile organisms) remain or die. 

(V) The fifth is not well established. However, a prelim- 
inary testing, for example, of the rheotaxis of a arge number of 
brook animals has shown them to be strongly positive, strong 
positive rheotaxis being a common behavior character. Many 
of them have special means of attachment which may be brought 
into play with great speed. 

The darters are strong swimmers and are able to live in rapids 
by virtue of their swimming powers and positive reaction, while 
the snails (Goniobasis) which occupy similar situations, are able 
to maintain themselves because of the strength of the foot and 
positive reaction. The two are ecologically equivalent. The 
sixth statement appears to be generally true, but needs experi- 
mental confirmation. 

The proposition may be summarized as follows: The behavior 
and general mode of life of animals are the superficial equivalent 
of the structural phenomena in the vegetative parts of plants. 
Behavior and vegetative structure are convenient indices of 
physiological conditions within the organism. 

To illustrate this still further, let us consider the plants of the 
sand areas at Chicago and in Manitoba. As compared with 
Chicago plants, the plants of Manitoba differ in size and structure 
under the more arid conditions found at the point where Criddle’s 
studies were made. The Manitoba tiger beetles do not, so far 
as I can find, differ from the Chicago forms in any of the struc- 
tural characters which have to do with their meeting those condi- 
tions, but they dig their holes deeper and require longer time for trans- 
formation. The tiger beetles of the desert and semi-desert and 
the tropical sand areas (Batesand Westwood, ’52; Snow’77; Lucas, 
83) are usually nocturnal or crepuscular; those of moister and 
cooler areas are diurnal—a differencein behavior. Desert plants 
are structurally adapted to withstand the desert conditions 
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(Schimper ’03) and differ in this respect from plants of cooler, 
moister situations. Again, the difference between the tiger 
beetles which deposit their eggs in different soils is not structural 
difference in ovipositor, but a different physiological response of 
the organism. 

The activities mentioned are general and may be separated, 
into feeding, breeding, etc. Probably all are governed by the 
same general laws. In the study of all the animals of a given 
environment we are confronted with the question of what activi- 
ties are most important, just as in the study of particular species. 


2. The most important environmental relations of animals 


The strength of a chain is the strength of the weakest link. 
The activity which determines the range of conditions under which 
a species will be successful is the activity which takes place within 
narrowest limits. Failure to recognize this principle is in part 
responsible for the general chaotic state of our knowledge of 
natural history. Men have often failed to interpret the relations 
of animals to their environments because they have regarded the 
records of the occurrence of all stages of the life-history as equally 
important. They have considered the occurrence of the most 
motile stage in the life-history important, as for example, the 
occurrence of an adult butterfly. Plant ecologists would have 
met with equal success if they had studied only the environmental 
relations and distribution of wind-disseminated seeds. While 
we have indicated above that the breeding activities are most 
limited (Merriam, ’90; Allen and Verrill fide Merriam, ’90; Adams, 
’08; Shelford, ’07, 710; Reighard, ’10; Herrick, ’02; Clark, ’10), 
there are no doubt exceptions to this, and at the present stage of 
our knowledge the subject is one for investigation. Whatever 
this activity may prove to be in a given case, it is of great import- 
ance and deserves comment, both as to method of investigation 
and bearing on distribution. 

a. Method of determining the most important activities. The 
first step is field observation—the continuous watching of animals 
throughout a number of life cycles. Experimentation is almost 
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always necessary also. It is only under unusually favorable 
conditions that the relative importance of the various periods of 
the life-history of an animal can be ascertained, without experi- 
mentation. On the other hand, experimentation must be cor- 
related with field observation. Simple experimentation on the 
behavior of animals in the laboratory does not illuminate this 
matter to any appreciable extent. 


3. The relation of physiological characters to geographic range 


Our studies of animal distribution usually consist of a list of 
names of species with a statement of the distribution of each, 
followed by such interpretation as suits our particular purposes. 
Attempts actually to study the environment in any detail, or the 
reactions of animals to the conditions of environment are rare 
indeed. Furthermore, the groups most studied (higher verte- 
brates) are probably least dependent upon their environmental 
complexes; they are often decidedly migratory and because of 
their size least adapted to experimental study. 

Some quite extensive attempts to correlate geographic range 
with meteorological conditions have been made, but always with 
only implied reference to the physiological character of the organ- 
isms themselves, and usually with the use of species as an index 
of conditions. A few factors have been emphasized, and these 
usually in the sense of barriers. Merriam (’90, naming also 
Allen and Verrill but not citing their papers) emphasizes temper- 
ature; Walker (’03) atmospheric moisture. Heilprin (’87, p. 39), 
like most paleontologists, emphasizes food. There appears to 
be no adequate basis for the idea that the same single factor 
governs the distribution of most animals. Such a conclusion 
probably results from leaving the organism out of consideration. 

Since the environment is a complex of many factors, every 
animal lives surrounded by and responds to a complex of factors, 
at least in its normal life activities within its normal complex 
(Jennings, ’06, p. 180). Can a single factor control distribution ? 

A large amount of physiological study of organisms has been 
conducted with particular reference to the analysis of the organ- 
ism itself, but with little reference to natural environments. 
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Many of the factors and conditions employed in such experiments 
are of such a nature that the animal never or rarely encounters 
them in its regular normal life. Other experiments are, however, 
attempts to keep the environment normal, except for one factor 
(Jennings, 06, p. 180). These have demonstrated that in ordi- 
nary reactions an animal responds to the action of a single stimu- 
lus. Certain general laws govern the reaction of animals to 
different intensities of the same stimulus. 

a. Laws governing the reactions of animals. The laws govern- 
ing the stimulation of animals in the experiments of the laboratory 
are familiar subjects in the textbooks of physiology (Verworn- 
Lee 99). With respect to a given factor used in the experiment, 
it has been found that there is a range of conditions within which 
the activities of the animal proceed without marked stimulative 
features. These are called optimal conditions. Take, for exam- 
ple, temperature. There is in most animals which have been 
subjected to experimentation with temperature, a range of several 
degrees in which the animal is not markedly stimulated(optimum). 
‘As the temperature is raised or lowered from such a condition, 
the animal is stimulated. If the temperature be continuously 
raised, a point is reached at which the animal dies. The tempera- 
ture condition just before death occurs is called the maximum. 
The lowering of temperature produces results comparable in a 
general way to those of high temperature. The condition just 
before the death point is reached is called the minimum. With 
various limitations, unimportant in this connection, the same is 
true with respect to each of the various factors which an animal 
encounters in nature. Which factor determines the limitations 
of occurrence of an animal on the earth’s surface? The answer 
to this is suggested in Liebig’s Law of Minimum. 

b. Law of minimum.  Liebig’s law of minimum is summarized 
by Johnstone (’09, p. 234): 


A plant requires a certain number of food stuffs if it is to continue to 
live and grow. Each of these food substances must be present in a cer- 
tain proportion. If it is absent the plant will die; if present in a minimal 
proportion the growth will also be minimal. This is true no matter how 
abundant the other food stuffs may be. The growth is then dependent 
upon the amount of food stuff present in minimal quantity. 
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In nature this law applies both geographically and locally. As 
applied to animals it includes both food and material for abode. 
The presence, absence and success of a species is determined by 
the necessary material which is absent or present in minimal 
quantity. 

c. Law of toleration of physv:al factors. We have noted (p. 
581) in the case of the tiger beetles, that for the egg-laying to take 
place the surrounding temperature and light must both be suit- 
able, the soil must be moist, probably also warm, and must 
satisfy the ovipositor tests with respect to several factors. Egg- 
laying, the positive reaction, is then probably a response to several 
factors. Furthermore, after the eggs are laid, the conditions 
favorable for egg-laying must continue for about two weeks if 
the eggs are to hatch and the larvae reach the surface of the ground. 
The success of reproduction depends, then, upon the qualitative 
and quantitative completeness of the complex of conditions. 
The negative reaction, on the other hand, appears to be different. 
The absence of eggs, the number of failures to lay and therefore 
the number of eggs laid in any situation can be controlled by qual- 
itative or quantitative deficiency or excess with respect to any 
one of several factors. The presence, absence, or number of eggs 
laid is, then, determinable by a single factor, according as it is 
near the optimum or near either the maximum or minimum tol- 
erated by the species. It is, however, not necessary that a single 
factor deviate; the effect is similar or more pronounced if several 
deviate. 

In nature the presence or absence, or success of a species or 
group of species, its numbers and sometimes its size, etc., are 
largely determined by the degree of deviation of a factor or 
factors from the range of optimum of the species or group of 
species. The cause of the deviation in the factor or factors is 
not of importance. For example, in the case of a soil inhabi- 
ting species such as Cicindela tranquebarica, to which consider- 
able moisture is necessary, the cause of the deficiency in one case 
may be climatic deficiency in rainfall, in another a rapid drainage 
due to steep slope and porosity of soil. The former is what we 
have called a climatic (geographic) condition and the latter a 
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local condition. The evidence for the law of toleration as apply- 
ing to distribution is good so far as the local distribution is con- 
cerned and, since the same factors are involved in the geographic, 
there is no difficulty in the application of the law to geographic 
distribution also. The fact that in so far as our observation can 
go at present, the tiger beetles are found in similar conditions 
throughout their ranges, is also good evidence for the application 
of both the laws of minimum and toleration to geographic dis- 
tribution. In fact the law of minimum is but a special case of the 
law of toleration. Combinations of the factors which fall under 
the law of minimum may be made, which makes the law of toler- 
ation apply quite generally; for example: food and excretory 
products may be taken together as constituting a single factor. 
From this point of view the law of toleration applies, the food 
acting on the minimum side, excretory products on the maximum. 

d. Application of the law of toleration to geographic distribu- 
tion. ‘The so-called centers of distribution are often only areas 
in which conditions are optimum for a considerable number of 
species (Transeau, 705; Adams, ’02 and ’05). The relation of the 
law to centers of distribution is shown in the diagram below; 
above the line is the scale of stimulation with the limits of toler- 
ation shown and below the parallel relation of the distribution and 
relative abundance. 


Minimum limit Range of Maximum limit 
of toleration optimum of toleration 
iL | » | | 
| | | 
—— Center of distribution —— 
Absent Decreasing Greatest abundance Decreasing Absent 


On account of the nature and distribution of climatic and 
vegetation conditions, it follows that as we pass in one direction 
from a center, one factor may fluctuate beyond the range of toler- 
ation of a species under consideration; but as we pass in another 
direction it is very likely to be a different factor. The divisions 
of Merriam’s zones into arid and humid portions is an illustration 
of this, and seems to constitute a begging of the temperature 
question. 
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4. Tentative laws of distribution 


On this general basis tentative laws of distribution may be 
formulated. 

a. Governing the limit of geographic range. The geographic 
range of any species is limited by the fluctuation of a single factor 
(or factors) beyond the limit tolerated by that species. In non- 
migratory species the limitations are with reference to the activ- 
ity which takes place within the narrowest limits. In migratory 
species this activity limits the range only during a part of the life 
cycle. 

b. Governing distribution area. The distribution area of a 
species is the distribution of the complete environmental complex 
within which it can live as determined (1) by the activity which takes 
place within the narrowest limits and (2) by the animal’s power of 
migration. Barriers in which some one factor of the complex 
fluctuates beyond the limits of toleration of the species at all 
periods of its life-history may prevent the animal from reaching 
all the suitable habitats, but this is the result of the working of 
the laws rather than an exception, and faunistic animal geography 
begins where physiological animal geography ends. 


D. CLASSIFICATION OF ANIMAL ENVIRONMENTS 


While this is a necessary subject for discussion, it is with much 
hesitancy that I undertake it here, where brevity is necessary. 
Obviously, since our subject is physiological animal geography, 
we shall confine our attention mainly to those aspects which are 
geographic in extent in the sense that they are nearly uniform 
over a considerable area of the earth’s surface. 

If one is to understand the most elementary principle of syn- 
ecology,’ he must first recognize the distinction between local 
(edaphic, Schimper, ’03; minor and secondary, Adams, ’08), and 
climatic or geographic (extensive) environmental complexes (major, 


* Synecology is the ecology of formations. In the classification of formations 
and environments, no nomenclature has been established for the larger or cli- 
matic units. Dr. Cowles tells me that plant formations do not represent climate 
and therefore ‘climatic’ should not be used. However, every ecologist and geog- 
rapher knows the significance of ‘climatic’ and ‘local.’ The geographers object 
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Adams, ’08). The climate of a region and all that goes with the 
climate are a climatic or geographic complex. Opposed to these 
are local complexes, such as water (streams or lakes), soil, expos- 
ure, or lack of exposure, ete. For example, in the Mohave Desert 
the climatic conditions are characterizable as hot, arid, etc., but 
within the desert are streams fed by mountain rainfall. These 
streams are local conditions in themselves, and also produce 
other local conditions such as moist soil, ete. These are not 
dependent upon the dominant conditions within the desert. 

The relation of local and geographic condition has been the 
subject of much careful consideration by Cowles (’01), Schimper, 
(03), Shelford (07), Adams (’08) and (’09). 

We will turn our attention, then, first to an inquiry as to the 
best index of climatic or geographic condition or major environ- 
mental complexes. 


1. The index of climatic or geographic conditions or of major 
environmental complexes 


The vegetation from the standpoint of whether it is forest 
steppe, or desert, etc., does not involve animals, and represents 
climatic complexes in a general way. It is the most important 
factor in the control of temperature, moisture, light, food and 
material for abode’ and is a good index of the conditions which 
surround animals. Tentatively it may be used as a basis of classi- 
fication of the animal environments. A knowledge of these en- 
vironmental complexes may be acquired from the data of physi- 
ography, meteorology, plant ecology and physiological plant 
geography (Schimper, ’03). 


to the use of the term ‘geographic’ for the climatic environments because, to 
them, the local environments are equally geographic. Every zoologist under- 
stands the meaning of ‘geographic’ and ‘local.’ Adams’ terms, ‘major’ (climatic) 
and ‘minor’ (local) are to be preferred but one must continually explain their 
meaning. The writer uses ‘climatic’ and ‘geographic’ here because their meaning 
is clear. 


8 Material surroundings have been regarded as of great importance in the case 
of mammals. Hagenbeck states that he always supplies an environment which 
resembles as far as possible the natural environment. He has imitation icebergs 
for polar bears, etc., and finds that this adds greatly to the success of keeping 
his animals in captivity. 
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E. THE ANIMAL FORMATION 


Animals select their habitats, probably by trial and error, as 
is indicated by the making of additional holes and parts of holes 
by the tiger beetles only to reject them without laying eggs. 
The simple fact of selection is, we believe, very familiar to all 
naturalists. 

A given environmental complex is selected by a number of 
species. All of the animals of a given habitat constitute what is 
known as an animal formation (Warming, (’09); Clements, (’05) ; 
Schimper, (03); Adams, (’08); Grisebach, (’48, fide Clements). 

It follows that there is a certain physiological or ecological 
similarity and ecological equivalence in the forms that thus select 
the same or similar complexes. It follows® that the animals of 
different deserts, different deciduous forests, different steppes, 
etc., are ecologically and physiologically similar or ecologically 
equivalent if the deserts, the forests, and the steppes, etc., are 
similar (Adams ’05). 

Tentatively, formations may be characterized in general phys- 
iological or ecological terms (mores). The characterizations of 
plant formations have thus far been largely based on growth-form. 
Attempts to find structural similarity among animals of similar 
habitats, while not failing in particular cases, have led to no 
good results or generalizations (Ritter, 09). The great difficulty 
with this point of view is that it must, because of the great diffi- 
culty of investigation, remain for a long time largely a matter of 
speculation. The attempts which have been made are based on 
natural selection speculations or Lamarckian speculations. 

It should be noted further that the relations of a given group 
of animals to their habitat and to each other is more complex 
than that of the plants which are commonly treated in this manner. 

The conspicuous plants of a given environmental complex, except 
in the tropical forests, are usually rooted in a single plane which 
greatly simplifies the relations of plants to their environments. 

9 A term is needed to cover such characters. The term mores (Latin), ‘cus- 
toms,’ ‘behavior,’ ‘habits’ is suggested as best covering the need. It stands 


opposed to form and forms; thus steppe mores meaning the behavior of character- 
istic steppe animals or an animal or animals with characteristic steppe behavior. 
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Animals, on the other hand, have different habitats which are not 
related to one plane, and so must be separated into similar groups 
for purposes of the comparison of one formation with another. For 
example, the animals which burrow into the ground in a given 
environmental complex cannot be compared with those that live 
in trees in another, but must be compared with subterranean 
forms. Accordingly, for comparison, animals must be separated 
into: (a) burrowing forms, (b) ground forms, (c) arboreal forms, 
etc. 


1. Classification of animal formations based on environmental 
relations 


a. Principles of classification. We have noted that all of the 
animals of a given environmental unit constitute a formation, 
and that environmental units are classified into climatic or geog- 
raphic (extensive) and local. The groups of animals which occupy 
the climatic or geographic environments may be called ‘climatic 
or geographic animal formations.’ The groups of animals which 
occupy the local environments are called local formations (soci- 
eties, or associations). 

If one is to study the relation of animal physiology and behav- 
ior to the environmental conditions, in so far as this can be done 
by field study, these distinctions must be kept clearly in mind. 
For example, in dealing with animals of the great North American 
steppe area, to treat together all forms found here (as is common 
practice) would lead to endless confusion from our point of view. 
The forms which belong to the water (aquatic), those that live 
in the timber along the ravines, in the sand areas, are forms 
belonging to local formations. Those that occupy the plains 
proper belong to the steppe formation. Some forms may belong 
to both, in which case the facts should be taken into account.?° 


10 An animal should be associated: first, with the breeding conditions; second, 
with the feeding conditions; third, with the conditions affording shelter. Calvert. 
(08) attempted to find correlation between the distribution of Odonata and vege- 
tation zones with negative results. Aside from the reasons given by the author, 
it should be noted that Odonata breed in the water and, excepting forms breeding 
in water holding plants, belong to local conditions, and no correlation was to have 
been expected. Correlation of the distribution and species is, however, not essen- 
tial to our point of view. 
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b. Climatic or geographic animal formations of the world based 
upon physiological similarity and ecological equivalence under sim- 
ilar conditions.|. The distribution of the similar environments is 
given by Schimper (’03) and Transeau (’03, ’05) and in fig. 19. 
Only the environments and distribution of the formations is 
given here; much concerning the mores of the different format ons 
may be obtained from the existing literature but we do not have 
it well enough organized to present here. 


1 Formations of forests with broad, thin leaves. 
a Tropical rain-forest formations (fig. 19, 1a). 

Environment: Dense forest with broad thin leaves, two or three heights 
of trees, uniformly distributed rainfall and nearly uniform temperature. 

Distribution: Large areas Mexico and Central America (Belt, ’88),” 
and South America (Bates, and [Clodd, ’93]), southern Asia and East 
Indies (Wallace, ’94), and several small areas in Africa (Garner, ’01). 

b  Monsoon-forest formations. 

Environment: Similar to the rain-forest but with a dry season in which 
the leaves fall. 

Distribution: Adjoins areas of rain-forest. 

e Temperate rain-forest formations (fig. 19, Ic). 

Environment: Similar to the tropical rain-forest, but much less luxuriant 
and in different climatic conditions. 

Distribution: East coast of northern Mexico, southern U. S8., western 
Chile, southern Japan (Kobelt, ’02), New Zealand. 

d Temperate deciduous forest formations (fig. 19, 1d). 

Environment: Similar to the temperate rain-forest, but much less dense 
and deciduous. 

Distribution: Eastern North America, north to the Great Lakes; Chile, 
north to 35° (Darwin, ’45, p. 242); Europe, north of the Alps (Mosley 
and Brown, ’63, p.) and south of 60° (Kobelt, ’02; Brehm, ’06); Japan 
and vicinity of Okhotsk. 

2 Formations of forests with narrow, thick leaves (coniferous forest formations; 

further study will probably subdivide these) (fig. 19, 2). 

Environment: dense evergreen forests with little undergrowth. 

Distribution: North America, north of the Great Lakes and Columbia 
River extending southward in the mountains (Seton, ’09) ; Eurasia, north 
of 60° and southward in the high mountains (Brehm, ’96). 


This outline is essentially that arranged for a committee of the Geographic 
Society of Chicago on the Classification of Geographic Materials, and is parallel 
to one for plants by Dr. H. C. Cowles and to one for Human Geography by 
Dr. J. P. Goode and Miss J. B. Obenchain. 

22 Some characteristic literature on the natural history of the various formations 
is cited where possible. See Thomson’s introduction to Brehm (’96). 
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3 Formations of savannas and grasslands. 
a Warm savanna and steppe formations (fig. 19, 3a). 

Environment: Dry season in spring; scant rainfall; grassland with scat- 
tered thorny trees, occasionally thickets, and dense forests along pee 
streams. 

Distribution: The great plains of Africa (Roosevelt, 09-10), and South 
America. 

b Cool savanna formations (fig. 19, 3b). 

Environment: Similar to the warm in aspect, but more often with trees 
in groves. 

Distribution: A narrow belt nearly surrounding the Great Plains, Uru- 
guay, Australia, and eastern Siberia (Brehm, ’96). 

e Cool steppe formations (fig. 19, 3c). 

Environment: Cool, dry, winters cold, grassland with trees only along 
the principal streams. 

Distribution: The great plains of North America (Craig, ’08; Seton, ’09), 
south central Asia (Brehm, ’96), De La Plata southward to Patagonia 
(Hudson, ’92). 

4 Formations of forests with broad, thick leaves (fig. 19, 4). 

Environment: Subtropical conditions with winter rain and hot, dry 
summers. 

Distribution: California, the Mediterranean region, Chile (near Val- 
paraiso, Darwin ’45), South Africa, southwest Australia. 

5 Formations of deserts and scrub areas (semi-desert). 
Environment: Various types of arid condition with thorny vegetation. 
a Scrub or semi-desert formations (fig. 19, 5a). 

Distribution: Mexico, Texas and Central America (Belt, ’88; Bailey, 
05), eastern Brazil, southern South America, arid Australia (in part), 
northeastern Africa (Plowden, ’68), India, and China. 

b Desert formations. 
Distribution: Southwestern North America (Merriam, 90), South America, 
Sahara and Arabia (Brehm, ’96), central Australia and south Africa. 
6 Tundra formations. 
a Arctic tundra formations. 
Environment: Cold, treeless, with short cold summers. 
Distribution: Circumpolar (fig. 19). 
b Alpine tundra formations. 
Environment: Similar to a. 
Distribution: Mountains above the tree line. 
7 Formations of fresh water. 
a Still water formations (lakes, ponds and sluggish streams). 
b Turbulent water formations (swift streams and eroding lake shores). 
8 Formations of the sea and its shores (amphibious formations, principally 
breeding on shore, feeding in sea). 
a Ice-bound shore formations (Arctic) (Brehm, ’96; Shackleton, ’10). 
b Tropical and temperate shore formations. 
ec Oceanic Islands formations (the island fauna, representing the migra- 
tion of land animals by sea) (Wallace, ’92). 
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9 Formations of the waters." 
a Formations of the sea (marine) (M’Intosh, ’04). 
Limestone bank formations (littoral) (Brooks, ’93). 
Rocky (eroding) shore formations (Littoral) (Verrill, 72; King and 
e Russell, ’09). 


Ne 


3 Sandy (depositing) shore formations (littoral). 
4 Open sea formations (pelagic) (Heilprin, ’81). 
5 Deep sea formation (mudline and abysmal). 


It should be noted that the various formations of the list are 
to be found duplicated or essentially so in various parts of the 
world. This point of view emphasizes the resemblances in the 
behavior and ecology of forms living under similar conditions. In 
the case of the great zoogeographic regions, there is no duplication, 
and differences are emphasized." 


13 The distribution of aquatic animals is governed by: a. Kind of bottom (Sum- 
ner, 09). b. Depth, current, temperature and all other factors which are modi- 
fied by depth, ete. 

14 There are no doubt several valid objections to such a classification, when thus 
statically stated and as mapped by some workers, such as Schimper. We present 
it thus because the recognition of the existence and general features of a phenomenon 
must precede its analysis. However, one of the most important of these objec- 
tions arises when one inspects a number of maps of the distribution of species. 
Such an inspection shows that the distribution areas of some species are bounded 
by the limits of the deserts, steppes, forests, etc., while those of others bear no 
relation to these regions. The former afford no difficulties while the latter deserve 
further comment. Species that, apparently, do not fit our classification fall under 
three heads: 1. Species whose range is far greater than that of any realm or plant 
formation, covering perhaps several realms. 2. Species that occupy only a part 
of the plant formation in which they belong. 3. Species whose range lies within 
a region intermediate between two realms or plant formations. 

The first group is made up of species dependent wholly or in part upon local 
conditions. Some species are always associated with local conditions, e.g., C. 
tranquebarica, p. 574, fig. 14. Such forms are relatively independent of climate, 
geographic plant formations, etc., and are dependent upon such conditions as 
are afforded by streams, sand areas, lakes, etc. ; 

The species which are in part dependent upon local conditions usually belong 
properly to the climatic or geographic conditions of one formation, and invade 
another formation in local conditions which happen to be like the geographic of 
the one, in respects essential to that species. For example, some of the species 
of Orthoptera belonging to the great plains, or North American steppe region, in- 
vade the sand areas in northern Indiana where the climate is suitable for forests. 
Such phenomena are common and have been discussed by Adams (’02, 09). 


¢ 
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IV. THE PROBLEMS, METHODS, AND RELATIONS OF PHYSIOLOGICAL 
ANIMAL GEOGRAPHY 


A. SOME PROBLEMS OF PHYSIOLOGICAL-ANIMAL-GEOGRA PHY 


1. Behavior problems. That the behavior of animals reflects 
their general conditions of existence, I think will not be seriously 
doubted. Some of the geographic problems may be stated as 
follows: 

a. Behavior and geographic conditions. How much, and 
what features of the geographic conditions, for example, such as 
the steppe, the tundra, or the tropical forest, are reflected by the 
behavior of animals? Are these characteristics acquired by the 
individual or are they hereditary? In connection with the first 
question, I quote Brehm on the Arctic fox: 


His whole character and conduct are quite different from those of 
our reynard and his near relatives. One scarcely does him injustice 
in describing him as a degenerate member of a distinguished family, 
unusually gifted, intelligent, and ingenious. Of the slyness and inge- 
nuity, the calculating craft, of his congeners he evinces hardly any 
trace. His disposition is forward, his manner officious, his behavior, 
foolish. He may be a bold beggar, an impudent vagabond, but he is 
never a cunning thief or robber. He follows his worst enemy; without 
fear he approaches a man sleeping in the open, to snap at a naked limb. 


The behavior of the penguins of Antarctica as described by 
Shackleton is equally interesting. Is it, or is it not, a picture of 
the hard struggle, intense cold, and monotony of the tundra? 


144—_Continued. 

Our second group (or species which occupy only a part of the formation to 
which they belong) is important. Maps of the distribution of trees.by Transeau 
(05) illustrate this. An inspection of these shows that there is a central area 
in the formation, in which species are most numerous, and in which we may con- 
clude the conditions for the majority of the forms are best (optimum). Suitable 
investigation would no doubt show that species thus narrowly distributed are 
limited by the termination of their necessary conditions, and that relative num- 
bers are dependent upon the law of toleration. 

Our third type, or species which occupy intermediate ground between the 
realms, are few so far as observation has been recorded (Ruthven, ’07). 

The above discussion is, however, based on the distribution of morphological 
species. If, however, there are physiological differences, behavior differences, or 
even regulatory responses in the different formations, morphological species and 
their distribution. are unimportant matters. 
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b. Inter-psychology and inter-physiology (between ecolog- 
ically similar forms). The problems of the inter-psychology 
(Tarde, ’03) and inter-physiology (p. 588) are equally important 
in connection with the relations suggested above. Some aspects 
of inter-psychology are not inter-specific, but concern forms with 
similar habits. In the steppes ecologically similar animals fre- 
quently act as one species. Mr. Roosevelt has said: ‘‘One of 
the most interesting features of African wild life is close association 
and companionship so often seen between totally different species 
of game” (Roosevelt, 09). Mr. Roosevelt shows the zebra and 
hartebeest herding together. 

c. Intermores-psychology and physiology (between ecologic- 
ally dissimilar forms, or antagonistic forms). The relations of 
animals of different size, habits, ete., to one another involves 
the most striking features of behavior. Much of the behavior 
which tends to protect the species from enemies falls under this 
head. This aspect of behavior has its geographic as well as its 
local significance. For example, the problem of the effect of the 
presence or absence of large carnivores on the behavior of other 
animals present in a climatic formation would deal with the 
broader geographic side. 

d. Geographic variation of mores. The phenomenon of geo- 
graphic variation in behavior and physiology probably usually 
belongs to wide ranging species. The best available data are 
probably on the nesting habits of birds (Knowlton ’09). 

2. The more purely physiological problems. Let us illustrate 
by the desert. The dominance of the reptiles in the desert is 
well known, and Dr. A. P. Mathews has called my attention to 
the fact that the excreta of reptiles is uric acid which is a substance 
of low osmotic pressure passing out with the feces in a dry state; 
little water is used in the disposal of the excreta. This, together 
with the thick skins, enables reptiles to meet the conditions of 
the desert. Desert mammals must meet the same conditions. 
In these, water is required to wash the urine out of the tubules. 
Mammals are few in the desert; their physiological relations there 
are not well known; Swain (’03) has pointed out the high specific 
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gravity of the urineof the California coyote. The fact that many 
mammals do not drink for long periods in the steppe and desert 
regions is well known. Livingstone (’58) noted it in the Kalahari 
Desert, Roosevelt (09) in east Africa, and Craig (’08) in the case 
of the prairie dogs and birds of Dakota. (Verworn, ’99 p. 280.) 


B. METHODS 


The methods of physiological animal geography have been 
indicated from time to time throughout the paper. The method 
may be characterized as combined experimentation and field 
observation, each conducted with reference to the other, and both 
conducted with reference to animal formations. <A typical study 
with reference to the steppe would consist of (a) a field study of 
a number of carefully chosen steppe species, accompanied by 
experimental study of their behavior and of their physiology; 
(b) a comparison with a similar study in a steppe in another part 
of the world; (c) a study of steppe species ranging outside the 
steppe with a view to ascertaining variation in behavior or be- 
havior differences, etc.; (d) a comparative study of steppes and 
other formations. 


C. RELATION OF PHYSIOLOGICAL ANIMAL GEOGRAPHY TO OTHER 
SUBJECTS 


The problems of physiological animal geography le close to 
those of human geography, sociology and psychology, and offer 
a field of observation which may be accompanied by experimenta- 
tion. 

1. Human geography. Its relation to human geography is 
especially intimate. Indeed, geographers have been disappointed 
with the data which zoology has furnished them. It is almost 
exclusively data concerning the taxonomy and morphology of 
animals. The parallelism between the geographic phenomena in 
animals and the relation of culture to environment lies not in the 
color and structural adaptations of animals, but in their behavior 
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characters which enable them to live under a given set of condi- 
tions and the behavior which those conditions produce." 

It is to be hoped that geographic studies such as we have out- 
lined may be conducted on wild animals in connection with the 
geographic and psychological problems in man (Waxwieler, ’06). 

2. General biology and evolution. From the biological side 
alone, the more purely physiological problems present an inter- 
esting field which is sure to yield results of far-reaching impor- 
tance. The day is, I believe, rapidly approaching when the physi- 
ologist will find it necessary to give more attention to the study 
of animals unacclimated to the gases and artificial surroundings 
of the laboratory. Indeed, the failure of students of behavior 
to study their animals in nature is probably constantly leading 
to misinterpretation. 

It has not been my purpose to point out the relations of this 
subject to the evolution of species. However, to the question of 
the evolution of behavior characters, of instincts, ete., this point 


15 While attempting to make comparisons between human society and man on 
the one hand, and plants and animals on the other, geographers, sociologists, and 
psychologists—in so far as I have been able to read their writings along this line 
—have compared structure in plants and animals with what is obviously not struc- 
ture in man, namely, his culture and mental make up. Waxwieler compares 
human society with the whole animal kingdom as constituting another society. 
McGee (’96) takes a similar position. In discussing the relation of cultures to 
environment, he says: ‘‘When the law of biotic development is extended to man- 
kind, it appears to fail; for the men of the desert and shore land, mountain and 
plain, arctic and tropic, are ceaselessly occupied in strife against environmental 
conditions which transform their subhuman associates, yet men remain essentially 
unchanged, some taller, some stouter, some swifter of foot, some longer of life 
than others, yet all essentially Homo sapiens in every characteristic. 

More careful examination indicates that the failure of the law when extended 
to man is apparent only. The desert monads retain certain common physical 
characteristics, but develop arts of obtaining water and food, and these arts are 
adjusted to the local environment. ” Hecontinues with the citation of 
other cases. In the light of our present knowledge, such adjustment of arts is 
comparable only to the adjustment of wide ranging species of animals in food, 
nest building, materials used in nest building, and other features of ecology and 
behavior (see also Hubbard 796; Mason ’96). Goode (’04) called attention to the 
fact that physical changes in man are slow as compared with the changes in culture 
(see also W. S. Tower, 710). 
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of view is very important. While many aspects of these prob- 
lems are not geographic, many others are, and the study of physi- 
ological animal geography bears the same important relations 
to the study of evolution of behavior as did faunistic animal 
geography to evolution of species in the beginning of its study. 

The relations of animal behavior to the evolution of species 
has never been appreciated. It is obvious that the behavior of 
all animals is regulatory and tends on the whole to preserve the 
species and to retain it in the environmental complex to which it 
is adjusted; still only slight changes in the physiological charac- 
ters of an animal will cause it to select a slightly different complex, 
open entirely new avenues of migration and change the distri- 
bution of the group of species to which it belongs. Such a change 
in physiological character would bring a group of species into an 
entirely different relation to all the so-called factors of evolution 
(McDougal,’08; Tower,’07,’10). Students of experimental evolu- 
tion have, in no case that has come to my attention, made any. 
study of the behavior characters of their new races, while the 
morphological features have been pursued with vigor. Is it not 
time that students of evolution began to study the effects of 
behavior on evolution? 


D. THE FUTURE BIOLOGY 


In this paper we have sharply separated evolution and struc- 
ture on the one hand, from physiology and behavior on the other. 
Space, clearness, and the condition of the subjects have forbidden 
that we attempt to unite them here. While it may be expedient 
to continue in this manner until our knowledge of physiology and 
behavior is commensurate with that of the other subjects, the fol- 
lowing of such a course indefinitely, with respect to either mor- 
phological or physiological aspects of biology cannot, if it be general, 
bring about the best development or unification of biological 
science. Indeed, its present lack of unity is traceable to such a 
course followed until recently by zoologists generally. 

If our understanding of the data of physiological cytology be 
correct, we may expect to find so-called structures of some sort 
within or among the cells concerned in function, which stand for 
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or are correlated with each physiological state and physiological 
condition to which we have referred. Our methods may not. at 
present be sufficiently delicate to detect such structure, or the 
processes which lie back of it, but we may, it is believed, confi- 
dently expect the necessary methods for the detection of such 
structures and processes, and especially their correlation with 
and relation to the more permanent and more easily recogniz- 
able morphological conditions. 

We classify the responses and changes in animals as evolution, 
modification by the environment, behavior and physiological 
response. Are not all these, after all, but different expressions 
of the same or similar processes? Future investigations must 
answer this question and it is around this question that the future 
of much that is known as biology hinges. 


V. GENERAL CONCLUSIONS AND SUMMARY 


1. Distribution and dispersal 


a. Every animal selects an environmental complex as its 
general habitat (pp. 566, 571, 579). 

b. The breeding grounds are usually the most important index 
of the true habitat (p. 587). 

c. Each species is usually distributed as far as its environ- 
mental complex e>tends, unless barriers are encountered; faun- 
istic animal geography begins where physiological animal geo- 
graphy leaves off (pp. 573, 582, 598). 

d. Thesuccess of a species within a territory and its limitations 
to that territory are determined by fluctuation of one or more 
environmental factors, toward or beyond the limit tolerated by 
the species (p. 599). 

e. Species which select those environmental complexes which 
are determined by streams, soil, or other situations which occur 
only locally, are local in their distribution (pp. 574, 5). 

f. Animals which select a habitat which is geographic in extent 
and which represents the dominant conditions of an area, are 
distributed throughout their area and are usually not so wide 
ranging as the species which select the local conditions (p. 582). 
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g. The dominant vegetation of a given area which possesses 
some degree of uniformity of climate (as, for example, the decid- 
uous forest of the United States), is the best index of general 
conditions, as it not only presents the results of the conditions, 
but makes certain types of environmental complex for the animals 
(pp. 582, 601). ' 

h. The field of plant ecology and of ecological plant geography 
present the best data on the distribution of animal environmental 
complexes (p. 601). 


2. The physiology and behavior of animals 


a. In animals, behavior characters take the place of growth- 
form in plants. Animal formations may be characterized by the 
behavior, physiological, and habitudinal relations (mores) of the 
constituent animals, while plant formations are superficially 
characterized by structural characters which indicate the physio- 
logical conditions of the constituent plants (593). 

b. Animal behavior, physiology and general mode of life 
(mores) probably reflect the geographic conditions such as cli- 
mate, general surroundings (vegetation) and other animals present 
(pp. 588, 607). 

c. Physiological animal geography offers a field for experi- 
mentation and observation which will have important bearing 
on human geography, sociology and psychology, and the general 
problems of biology and evolution (p. 609). 
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1. INTRODUCTION 


The work described in this paper was done principally at the 
University of Chicago. About six years ago the writer became 
interested in the question of whether birds possess asense of smell 
or not. The subject was assigned to a student for some prelim- 
inary study in the spring of 1905. During this time it became 
apparent that something more than simple direct tests would be 
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necessary, and the writer decided to study the problem by means 
of a labyrinth in which a demonstration of olfactory ability would 
require the association of an odor with the location of food. 
Such work was done mostly in the year 1907-8. 

During the autumn of 1909, the writer enjoyed the privilege 
of studying the unique collection of bird brain material in the 
Senckenbergisches Neurologisches Institut at Frankfurt am 
Main, Germany. Though a large number of bird brain sections 
representing a good many species of birds were studied, no new 
facts of importance concerning central olfactory relationships 
were discovered from them. On careful examination of the lit- 
erature it became apparent that there was need of a comparative 
study of the lobes and nerves, which could be done to advantage 
with the fine series of partly dissected heads in Professor Edinger’s 
collection. These were placed at my disposal for further dissec- 
tion and study. The nasal chambers also were studied. 

The writer wishes to express his hearty thanks to Prof. Dr. 
Ludwig Edinger, the director of the Institute, for the opportunities 
afforded and for his helpful interest. Thanks are also due to 
Dr. W. M. Cooper of Frankfurt, to Dr. Priemal, the director of 
the Frankfurt Zoologischer Garten, to Prof. John B. Watson of 
Johns Hopkins University, and to Mr. W. H. Osgood of the Field 
Columbian Museum of Chicago for additional material and for 
courtesies received. Through the kindness of Mr. Seth Smith 
and Mr. R. I. Pocock, the privilege of making a test of the olfac- 
tory sense in Apteryx was enjoyed at the London Zoological 
Gardens. Assistance in the preparation of the drawings was 
received from Mrs. Strong. 


2. LITERATURE 
A. General 


During the early part of the last century, a spirited controversy 
was waged by a number of naturalists over the question of the 
existence of an olfactory sense in birds. So much evidence on 
the negative side was brought forth as to put the general occur- 
ence of a sense of smell in birds in doubt ever since. 
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The presence of normal olfactory apparatus in birds has been 
recognized by a number of writers. In Apteryx, according to 
Parker (91) and Owen (’71), the olfactory organs are relatively 
large for a bird. In other groups of birds the olfactory apparatus 
is generally recognized as small when compared with mammals, 
but varying in size. Thus Searpa (’89), Schultze (62), and others 
speak of well developed organs in the swimming birds, in the 
wading birds, and in the birds of prey. Bumm {’83), recognizes 
a relatively large olfactory apparatus in the swimming birds, but 
not in the birds of prey studied by him. The gallinaceous birds 
and the singing birds are described as having very much reduced 
olfactory organs. 


B. Peripheral olfactory apparatus 


1. The nasal chambers. The nasal chambers of birds have 
been studied from various standpoints by a number of writers, 
including the following especially: 


Beeker (03) Common fowl (Gallus) ogeranus, Psittacus, Picus, Capri- 
and duck (Anas) mulgus, Podargus, Sturnus, Corvus, 
Born (’79) Chick (Gallus) and other forms 
Cohn (’02) Chick Giebel (76) Seventeen species of 
Dieulafé (04 and 705) Paroquet, birds 
duck, turkey, dove, and vulture Mihalkovies (98) Gallus 
Exner (72) Fowl, duck, dove, and Owen (72) Apteryx 
some finches Parker (91) Apteryx 
Ganin (90) Eighteen genera of birds Schultze (62) Falco, Strix, Gallus, 
Gegenbaur (773) Columba, Gallus, Columba, Anas and other birds 


Meleagris, Anser, Buteo, Strix, Gyp- 


In general, two or three turbinals or conchae are recognized as 
occurring in the nasa] chambers of birds. According to Gegen- 
baur the so-called superior or posterior concha is better named a 
‘Riech-hiigel,’ as, in the material he studied, it was found by him 
to be only an elevation or projection which did not possess the 
characteristic rolling of a true turbinal. Beeker (03) supported 
him in this position. In some species Gegenbaur found even a 
‘Riech-hiigel’ lacking. The other turbinals are regularly desig- 
nated as median or middle and inferior or anterior. 
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The turbinals of Apteryx are described by Parker (91) as 
having an ‘extreme complexity’ (p. 49). In addition to the three 
turbinals already mentioned, he found ‘anterior and ventral 
accessory turbinals.’ 

The absence of a posterior concha in the smaller species of birds 
was noted by Schultze ('62) and also by Giebel (76). The latter 
considered this structure also lacking in Corvus and Garrulus. 
He found three turbinals in Lanius excubitor, however. 

Jacobson’s organ occurs in rudimentary or vestigial form accord- 
ing to Mihaleovies (98), Ganin (’90), and Cohn (’02), in the em- 
bryo bird. It is lost during embryonic life, though the median 
portions of the ducts of the nasal glands are regarded as modi- 
fied Jacobson’s organs by Ganin and Muihaleovics. 

2. The olfactory epithelium. In Apteryx, according to Parker, 
all of the turbinals, except the so-called ventral accessory, are 
covered with ‘Schneiderian membrane’ (p. 51). Owen, using a 
different terminology for the turbinals of Apteryx, also described 
an extensive distribution of olfactory nerve fibers in this bird 
both on all of the turbinals, excepting the ‘anterior,’ and on the 
septum narium. 

In other birds studied, a much more limited distribution of the 
olfactory epithelium has been found. In the common fowl, 
according to Mihalcovies, the olfactory epithelium is limited to 
the posterior turbinal and to the adjacent wall of the nasal cavity 
up to the roof. <A similar location was noted by Dieulafé (’04, 
p. 439). Preobraschensky (’92) found the olfactory epithelium 
limited to the posterior turbinal only, in the chick. 

According to Schultze, the surface of the posterior turbinal may 
not always be entirely covered by olfactory nerve terminations. 
Doves were found to have the lower border free from olfactory 
epithelium. Gegenbaur believed that Schultze had the middle 
turbinal in mind, and the former writer says that doves do not 
have a posterior turbinal. Schultze states that in those singing 
birds which lack a posterior turbinal a very small part of the struc- 
ture which corresponds to the middle turbinal receives olfactory 
nerve fibers. He also found the septum narium receiving olfac- 
tory nerve fibers, at least in those birds which have a posterior 
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turbinal. The structure of the olfactory epithelium has been 
most fully described by Schultze, though it has been studied by 
Exner and Disse. 

3. The olfactory nerves. The olfactory nerves of birds have 
been given very little attention except from the standpoint of 
their development in the chick. They have been figured in draw- 
ings of the internal anatomy of the head by Scarpa for a few species 
of birds. There are also a few figures by Gadow (’91), in Bronn’s 
Thier-Reich. 

A single pair of so-called olfactory nerves are generally recog- 
nized as connecting the olfactory epithelium with the brain. 
(A more appropriate term would be ‘olfactory root.’ See Edinger, 
08, p. 252.) However, in Apteryx, according to Owen, there are 
more than two. He says that ‘“‘the olfactory nerves perforate the 
anterior and inferior wall of the rhinencephalic chamber by several 
foramina, but are closely invested and united by the neurilemma, 
especially along their upper surfaces, so as to appear for an extent 
of eight or nine lines, each as one large olfactory nerve.’’ Parker 
(91, p. 107), says that ‘‘the numerous olfactory nerves are given 
off from the ventral and anterior surfaces of the rhinencephal.”’ 
The olfactory nerves of the vulture are stated by Owen (’66), to 
be larger relatively than those of the common turkey. They were 
found by Gage (’96) to be minute in the English or house sparrow. 

The writer unfortunately has not had access to some of the old 
works on bird anatomy which may have had accounts of olfac- 
tory nerves. 

The early development of these structures in birds has been 
studied by Cohn (’02), Disse (’96-’98) in the chick, goose, and 
duck, by Kolliker (90), Marshall (78), Preobraschensky (92), 
in the chick, and Belogowy (09), in the chick. 


C. Central olfactory apparatus 


1. The olfactory lobes. The olfactory bulbs of many verte- 
brates are represented in birds, according to Edinger, by a For- 
matio bulbaris which covers the olfactory lobes except on their 
eaudal dorsal borders. In the literature of bird brains, this com- 
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bination is usually designated as an olfactory lobe and will be 
so termed in this paper. 

In Apteryx, the olfactory lobes are of considerable size accord- 
ing to the figures of Owen (72, pl. xlv, fig. 2). This writer says 
(p. 383), that the ‘‘Rhinencephalon is as remarkable for its large 
size as is the mesencephalon for the smallness of its principal 
elements,” in Apteryx. The optic lobes and nerves are small in 
Owen’s figures. The only other reference to very large olfactory 
lobes in a bird is that of Klinckowstrém (’90), who figured and 
described large olfactory lobes for Fulmarus glacialis. 

The olfactory lobes of a number of birds were studied by Bumm 
(83) who noted that these structures are smaller in birds than in 
mammals. He states that the olfactory lobes are well developed 
in the swimming birds, moderately large in the marsh birds 
(‘sumpf V6geln’), and much less developed in other orders. 
The ratios in weight of the olfactory lobes to the cerebrum are 
given for the ‘Gans,’ ‘Schnepfe,’ and ‘ Bussard.’ 

Some statistics are given for the olfactory lobes in forty-two 
species of American birds, the majority being Passerine forms, by 
Turner (91). Turner concluded that ‘‘there has been a gradual 
retrograde evolution of the avian rhinencephalon”’ (’91, p. 57). 
He observed that ‘‘as we ascend the scale, the olfactory lobes 
move caudad and become smaller,’ and he also noted that they 
are fused and almost completely imbedded in the ‘prosenceph- 
alon’ in the higher groups. In another article, Turner (91b), 
stated that the high development of the sense of vision in birds 
has been accomplished at the expense of the olfactory sense. 

The histological structure of the bird olfactory lobes has been 
described by Turner (91), and by Pedro Ramon y Cajal. The 
latter’s account was not accessible to the writer, and it has been 
necessary to depend upon the statement of Edinger (’03, p. 403) 
of Cajal’s conclusions. The structure is stated to be of the same 
type as in other vertebrates except for being simpler. 

References to the olfactory lobes have also been made by Carus 
(14), Elliot-Smith (95), Stieda (’69), Herrick (93) Schiipbach 
(94), and Kappers und Theunissen (’08). 
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2. Olfactory fiber tracts. Very little is known about the central 
relationships of the olfactory organs in birds. References are 
made to olfactory fiber tracts by Stieda (’69), Bumm (’83) Elliot- 
Smith (’95), Miinzer und Wiener (’98), and Kappers und Theunis- 
sen (’08). 

Edinger (’03) states that a basal bundle (tractus bulbo corticalis), 
consisting of a few fibers, passes into the brain base and is lost 
after a short course. Amputation of the olfactory lobes leads to 
degeneration of medullated fibers in the lobes only. According to 
the accounts of Edinger and Kappers, only a small number of 
olfactory fibers of the second order have been seen and these have 
not been satisfactorily traced. In the work of Kappers and 
Theunissen it is stated that olfactory fibers of the third order 
which connect the olfactory lobes with caudal non-cortical por- 
tions are more numerous. An olfactory cortex or hippocampus 
has not been demonstrated clearly. 


D. Observations of behavior 


A large number of miscellaneous field observations have been 
reported. As an illustration, an article by Rhoads may be cited. 
This observer states that while digging sweet potatoes in New 
Jersey, he noticed a luxurious growth of vines over a small mound 
in the field, and the potatoes dug at this place were unusually 
large. On inquiry, he found that a horse and a cow had been 
buried there during the previous winter. In the afternoon and 
during the following day, vultures came ‘in scores’, swooping to 
the ground about the mound. ‘These birds continued to come 
‘for long after,’ though not so numerous as at the time when the 
crop was plowed out. Rhoads could detect no ‘taint’ in theatmos- 
phere, yet hundreds of vultures assembled ‘from far and near.’ 
He concluded that these birds were attracted by an olfactory 
stimulus. 

According to Reeker (’99), a number of birds which were 
observed feeding on table scraps in a back yard declined to eat 
a potato which had been bitten by a cat. The author concluded 
that the potato was neglected because of an odor left by the cat. 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 3 


626 R. M. STRONG 


Raspail (99 and ’01), credits birds with a very keen sense of 
smell. He gives a number of observations of occurrences in the 
field, and he reports various simple and uncontrolled experiments. 

A caged condor was observed by Gill (’04) to become very much 
excited when, during the dissection of a rabbit, the strong odor 
of the abdomen escaped into the room in which the cage ‘was 
placed. The operation is stated to have been carried on ‘quite 
out of sight of the condor.’ 

The chances for error in the interpretation of this kind of evi- 
dence are so great that it has little value. 


E. Reports of experimental studies 


Here are included accounts only of experiments conducted with 
critical care. The following studies were made by Audubon 
(35): 

1. An entire deer skin, including the hoofs, and provided with 
artificial eyes, was stuffed with dried grass, the whole being 
allowed to become ‘perfectly dry.’ The stuffed skin was exposed 
in a large field, and the observer concealed himself not far away. 
In a few minutes a vulture, soaring about, saw the deer skin and 
sailed down to it. The hide was torn open, and much grass was 
pulled out. 

2. A large dead hog was hauled to a ravine and concealed by 
a covering of cane. As the weather was warm, the body became 
‘extremely fetid’ in a couple of days. Dogs found the carcass 
and fed heartily upon it, but vultures sailing over from time to 
time did not find it. 

3. A young pig was killed, and its blood was scattered about 
on the ground. The body was concealed by a covering of leaves. 
Vultures found the blood and followed it down the ravine to the 
body, which was then discovered and devoured. 

4. Two young vultures were kept for some weeks in a cage 
where they became accustomed to receiving food. The birds 
were in the habit of hissing and gesticulating when they saw food 
approaching. However, when food, either fresh or putrid, was 
brought up to the immediate rear of the cage where the vultures 
could not see it, no excitement was shown. 
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Audubon quotes some experiments by Bachman from Loudon’s 
Magazine of Natural History, 1838, as follows: 

1. A dead hare, two dead birds, and a wheelbarrow full of 
offal from a slaughter house were deposited on the ground at the 
foot of Bachman’s garden in South Carolina. A frame was raised 
above the pile at a distance of twelve inches from the ground, 
and this was covered with brush, allowing air to pass under freely. 
Though hundreds of vultures passed over in the next twenty- 
five days, none noticed the meat. 

2. A coarse painting on canvas of a sheep skinned and cut open 
was placed on the ground, where it was noticed: by vultures. 
They walked over the painting and tugged at it with their beaks. 
The painting was then placed within fifteen feet of the offal 
mentioned above, but the offal was not touched. 

3. The most offensive portions of the offal were next placed 
on the ground, and these were covered by a thin canvas cloth on 
which were strewn several pieces of fresh beef. Vultures came and 
ate the beef, but they did not discover the offal beneath the can- 
vas. A rent was then made in the canvas, whereupon the offal 
below was seen and eaten. 

Negative results were also obtained by Darwin (’34), pp. 184— 
186), who experimented with a number of condors in a garden 
at Valparaiso, Chili. In his account Darwin says: 


The condors were tied, each by a rope, in a long row at the bottom 
of a wall and having folded up a piece of meat in a white paper, I walked 
backwards and forwards, carrying it in my hand at the distance of 
about three yards from them, but no notice was taken. I then threw 
it on the ground, within one yard of an old bird; he looked at it-for a 
moment with attention but then regarded it no more. With a stick 
I pushed it closer and closer, until at last he touched it with his beak; 
the paper was then instantly torn off with fury, and at the same moment, 
every bird in the long row began struggling and flapping its wings. 


Darwin did not state whether the meat used in this experiment 
was entirely concealed by the wrapping paper until the package 
was torn open, nor did he indicate the opportunity for an odor 
to escape from the package. One is warranted in inferring from 
the account that the meat was detected before it was exposed to 
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view. The description of this experiment would suggest that the 
meat was finally smelled, though one may also infer that the olfac- 
tory sense was probably not extremely keen in these birds. 
Darwin himself concluded that ‘‘the evidence in favor of, and 
against, the acute smelling powers of carrion-vultures is singularly 
balanced,” but he evidently believed that these birds find their 
food by sight. 

Experiments of a different nature were conducted by Hill 
(05) with a pair of turkeys. He employed a number of odors 
including many which should produce strong stimulation of nerves 
of general sensation, under the conditions of the experiments. 
Such substances as asafoetida, essence of anise, oil of lavender, 
valerianate of zinc, powdered camphor, chloroform, etc., were 
placed very near, or upon, one of two piles of food located 
in an enclosure into which the turkeys were admitted when they 
were to be fed. A number of trials were made to see whether 
the birds would make their choice of a pile of food because of the 
presence or absence of one of the odorous materials, but with 
negative results. No evidence of discrimination appeared, and 
even the fumes of prussic acid, though causing the bird to stagger, 
did not drive it from the first pile of food it happened to choose. 

Laboratory experiments were conducted by Rouse (’05), who 
observed the respiratory movements of pigeons when in the pres- 
ence of oil of bergamot and lily of the valley. No ‘appreciable 
reactions’ to these materials were noticed, but a ‘slight sensitive- 
ness was shown to asafoetida,’ and ‘marked reaction’ was produced 
by turpentine and ammonia. The writer recognized, however, 
that the reactions obtained may have been due to other than olfac- 
tory stimuli. 

On the other hand, evidence has been obtained by Beebe (09) 
at Bronx Zoological Park, New York, that the turkey vulture 
has a sense of smell. The following is taken from his account 
(pp. 467-8) of experiments with turkey and black vultures: 


Three boxes were placed on the ground some distance apart, and the 
birds fed for a few days in various parts of the cage. Then after several 
days of fasting, a piece of tainted meat was placed under the central 
box. Care was taken to go through the farce of placing something 
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under each box so that no visual hints of the location of the meat was 
conveyed. The vultures were very hungry, yet they did not leave their 
perches and come to the ground, although they had watched their keeper 
intently. He now re-entered and threw down one or two small bits of 
meat. Within a second or two, almost as the meat left the hand of the 
keeper, every vulture swooped to the ground and was hissing and strug- 
gling for a portion of the food. Twice the black vultures walked close 
about the meat box without appearing to notice the odor which was 
clearly perceptible, even to persons outside of the cage. A turkey vul- 
ture walked to leeward, instantly turned and made his way to the box, 
which he examined on all sides. He was soon joined by two others of 
the same species, and all three took up their stations close to the source 
of the odor. Soon two black vultures came up, apparently impelled 
more by imitation than by actual discovery of the smell. All five birds 
remained fcr a long time grouped close to the box, going to it now and 
then, and examining it carefully. Thus even in the turkey vulture the 
sense of smell is certainly not highly developed, and compared with the 
sense of sight, is defective indeed. 


The experiments of Benham (’06), gave evidence that Apteryx 
has an acute sense of smell. 

A preliminary statement of conclusions which were made from 
the experimental work described in this paper was published by 
the writer (Strong ’08). 


3. METHODS AND MATERIAL 


A. Morphological 


The olfactory lobes and nerves and the nasal chambers were 
studied in dissections of the bird head. As the olfactory lobes 
and nerves are always more or less imbedded in bone or cartilage 
and there is often considerable tough connective tissue directly 
over the lobes, dissection is not easy. <A pair of small, pointed 
bone-forceps were found especially useful for the larger heads. 
For very small birds, a pair of scissors with curved points, dissect- 
ing needles, and a lens were employed. Measurements were 
made with the aid of a pair of dividers of the breadth of the 
cerebrum and of its length in the median line. The length of 
the olfactory nerve from the apex of the olfactory lobe to the 
nasal chamber and the diameter of the olfactory nerve were also 
determined. Of course all of these measurements were approx- 
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imate only, because it was impossible to select points for measur- 
ing with any precision. The olfactory nerve diameter was the 
most important of the measurements, and it could be determined 
with somewhat greater precision than the others. Nevertheless, 
the olfactory nerve cross section varies in form and size at differ- 
ent points, and a mean diameter for the median portion was con- 
sequently sought. The olfactory nerves in some species are flatter 
laterally than in others. Where they were very much flattened, 
lateral and dorso-ventral diameters were measured. 

Photographs varying from one-half diameter to nearly natural 
size were made of the dissections in dorsal view. The heads 
were arranged so that the olfactory nerves were approximately 
at right angles to the axis of the camera. Some of the dissec- 
tions were also photographed from the side to give a lateral view 
of the olfactory lobes and nerves. Prints enlarged two or three 
diameters were then made from the negatives of subjects which 
were selected for illustration in this paper. A magnification of 
three diameters was used only for a few small birds. Most of 
this work was done with the Edinger drawing apparatus. When 
this apparatus was properly adjusted for an exposure, and before 
a print holder was inserted, a sketch was made of the image pro- 
jected on drawing paper. This sketch gave the general outlines 
for the making of a drawing. References were made frequently 
to measurements and to the enlarged prints in the preparation 
of the drawings. Three methods were thus available for secur- 
ing accuracy in the drawing of the illustrations. Most of the 
brain mass has been included in order to show the relative size 
of the olfactory lobes. 

Heads of the birds in the following list were dissected and stud- 
ied: The classification used in Sharpe’s Catalogue, (’74) and 
Handlist, (’99) is employed here and the orders are given so that 
the taxonomic distribution of the forms studied may be seen at 
a glance. The Sharpe Catalogue nomenclature has been followed 
consistently because at present there is no other work so rep- 
resentative of the birds of the world. As many of the specimens 
in the Edinger collection bore other names, they also are men- 
tioned after the Sharpe Catalogue name in parentheses. 
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This material represents twenty-seven out of thirty-five orders 


of existing birds. 


The species which were studied in Professor 


Edinger’s laboratory are indicated by an asterisk. 


SUB-CLASS RATITAE 


Order 1. Rhetformes: 
*Rhea americana, Linn. Common 
rhea. 
Order 2. Struthiontformes: 
SUB-CLASS 


Order 1. Tinamiformes: 
*Nothura maculosa, Temm. 
chotus). Spotted tinamou. 
Order 2. Galliformes: 
*Crax carunculata, 
rell’s curassow. 


(Rhy- 


Temm. Yar- 


*Lyrurus tetrix, Linn. Black grouse 
(Tetrao). 

*Caccabis petrosa, Gm. Barbary 
partridge. 

*Perdix perdix, Linn. Common par- 
tridge. 

*Gennaeus nycthemerus.! (Euplo- 


camus argentatus). Silver pheasant. 
*Gallus gallus, Linn. Common fowl. 
*Polyplectrum chinquis, P. L. S. 
Mull. Gray peacock-pheasant. 
Order 5. Columbiformes: 


*Columba livia, Bonn. Domestic 
dove. 

Turtur risorius, Linn. Ring dove. 
*Goura coronata, Linn. Crowned 
pigeon. 
Order 7. Ralliformes: 

Rallus virginianus, Linn. Virginia 


rail. 
*Fulica atra, Linn. 
Fulica americana, 
coot. 


European coot. 
Gm. American 


*Struthio camelus, Linn. Ostrich. 
Order 3. Casuartiformes: 
*Dromaeus novae-hollandiae, Lath. 


Emeu. 


CARINATAE 


Order 11. Sphenisciformes: 
*Spheniscus demersus, Linn. 
penguin. 


Cape 


Order 12. Procellartiformes: 
*Fulmarus glacialis, Linn. 

laria). Fulmar. 

Order 14. Lariformes: 
Hydrochelidon 

Black tern. 
Sterna fuliginosa, Gm. Sooty tern. 


(Procel- 


Gm. 


surinamensis, 


Anous stolidus, Linn. Noddy tern. 
*Larus ridibundus, Linn. Black 
headed gull. 


Order 15. Charadriiformes: 


*Belanopterus cayennensis, Gm. 
(Vanellus). Cayenne lapwing. 
*Pavoncella pugnax, Linn. Ruff. 
(Machetes). 

*Scolopax rusticola, Linn. Euro- 
pean woodcock. 

Order 16. Gruiformes: 
*Anbhropoides virgo, Linn. (Grus). 


Demoiselle crane. 
*Eurypyga helias, Pall. 
Order 18. Ardeiformes: 
*Theristicus melanopsis, Gm. (Ibis). 
Black-faced ibis. 


Sun bittern. 


1 The identification of ‘Euplocamus argentatus’ with any name in the Sharpe 


nomenclature was difficult. 


On consultation of other works it seemed probable 


that the bird is Gennaeus nycthemerus in the Sharpe system. 
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*Platalea leucorodia, Linn. White 
spoon-bill. 

*Pseudotantalus leucocephalus, Gm. 
(Tantalus). White headed ibis. 
*Leptotilus crumeniferus, Less. 

rican adjutant. 
*Tigrisoma lineatum, Bodd. (T.bra- 
siliense). 


Af- 


*Nycticorax ecyanocephalus, Mol. 
Night heron. 

Order 19. Phoenicopteriformes: 
*Phoenicopterus roseus, Pall. (P. 


antiquorum.) European flamingo. 

Order 20. Anseriformes: 
*Plectropterus niger, Scl. 

spur-winged goose. 
*Anser anser, Linn. 
*Anas boscas, Linn. 


Black 


Domestic goose. 
Domestic duck. 


Order 23. _Pelecaniformes: 
*Phlacrocorax carbo, Linn. Cor- 
morant. 
*Plotus anhinga, Linn. Snake bird. 
*Sula bassana, Linn. Gannet. 


*Pelecanus rufescens, Gm. Red- 
backed pelican. 
Order 24. Cathartidiformes: 


*Catharistes urubu, Vieill. (C. at- 
rata). Black vulture. 

*Cathartes aura, Linn. Turkey 
vulture. 


Order 25. Accipitriformes: 

*Circus aeruginosus, Linn. The Moor 
buzzard. 

*Accipiter nisus, 
sparrow hawk. 

*Buteo buteo, Linn. 
zard. 


Linn. European 


European buz- 
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*Circaétes 
eagle. 
Order 26. Strigiformes: 
*Bubo ignavus, Forst. 
Order 28. Psittaciformes: 
*Chrysotis auripalliata, Less. Gold- 
en-naped Amazon parrot. 


gallicus, Gm. Serpent 


Eagle owl. 


*Chrysotis brasiliensis, Linn. Red- 
tailed Amazon parrot. 
Order 31. Coccyges: 

Coccyges erythrophthalmus, Wils. 


Black -billed cuckoo. 
Order 32. Scansores: 

*Rhamphastos cuvieri, Wagl. Cuv- 
ier’s toucan. 
Order 33. Piciformes: 

*Gecinus viridis, Linn. Green wood- 
pecker. 
Order 36. Passeriformes: 


*Sylvia atricapilla, Linn. Blackeap 

Lanius migrans, Linn. Migrant 
shrike. 

*Motacilla alba, Linn. White wag- 
tail. 

*Coccothraustes coccothraustes, 
Linn. Hawfinch. 

*Serinus serinus, Linn. Serin finch. 

*Sturnus vulgaris, Linn. Starling. 

*Corvus corax, Linn. Raven. 

*Corvus corone, Linn. European 
carrion crow. 

Corvus brachyrhynchus, Brehm. 


American crow. 


*Garrulus glandarius, Linn. Euro- 
pean jay. 
Cyanocitta cristata, Linn. Ameri- 


can blue jay. 


B. Experimental 


The first attempts by the writer to determine whether an olfac- 
tory sense exists in birds or not were simple experiments with 
such substances as cedar oil, asafoetida, oil of bergamot, clove oil, 


and hydrogen sulphide. 


The odorous material, placed upon rags 


and filter paper or in bottles, was usually held within a few feet 
or inches of the bird’s head. Several nestling and adult ring 
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doves, two young crows, some common fowls, turkey vultures, 
and a paroquet were used as subjects for the tests. As these 
experiments proved to be worthless, it appeared to be necessary 
to develop more elaborate methods for distinguishing possible 
responses to olfactory stimuli, and a labyrinth in which the bird 


=A 


Text fig. A Labyrinth without cover; d, entrance to chamber A, 0, liter wash- 
bottle; 6’, small bottle which contained the odorous material and was located 
here when the food box was in the position which is indicated in fig. C; ¢. glass tube 
which connected odor bottle with the wash bottle; f, tube leading to two small 
bottle connections; d, entrance to main enclosure from cage. 


would have the opportunity of finding its food was devised. This 
apparatus, shown in figs. A and B, included a central area five 
feet wide and ten inches high, with four accessory chambers, 
each of which opened into the central enclosure at the middle 
of aside. The chambers were ten inches square and so arranged 
that a bird in the central enclosure could not see food placed at 


Jabs hier O. 
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The dimensions given above were chosen mainly in order that 
the apparatus might be accommodated to the size of the room 
available for the experiments, and they seemed to be suitable 
for the work with ring doves as the experiments proceeded. 


ue 


' 
/ 


Cc. 


Text fig. B Labyrinth with cover (c) in place; /, funnel of exhaust; p, Richard’s 
air pump (two air pumps were used at this point in the oil of bergamot series). 


The control of air currents naturally demanded an indoor location 
for the apparatus. 

In order to reduce the danger of general diffusion of the odor, 
an air exhaust was arranged. A funnel with a diameter of 64 
inches at the larger end was mounted with the small end up at 
the center of the cover to the main enclosure, and this was con- 
nected with a Richards? air pump which was attached to a water 


* During most of the experiments with oil of bergamot, two of these pumps 
were used with a T connection in order to accelerate the removal of diffused odor 
from the central enclosure. 
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tap (fig. B). Gentle air currents were forced into each com- 
partment through glass tubing arranged as seen in fig. b. The 
air currents were produced by a machine originally constructed 
for injecting blood vessels. In this apparatus (fig. D), water 
was passed from one closed tank into another by elevating the 
filled tank above the empty one. The two tanks were connected 


Text fig.C Diagram of labyrinth; A, B, C, D, chambers; d, position of entrance 
to main enclosure (m. e.) from cage; f. b., food box. 


by rubber tubing (r.t., fig. D). The air displaced by the entering 
water in the lower tank was allowed to escape through stop cocks 
into two glass tubes. Each of these tubes communicated with a 
wash bottle (one-litre size) which was about three-fourths full 
of water. From the wash bottles, the air emerged through T 
tubes (fig. A, tt.) and was conveyed to 125 ec. bottles (fig. A, 
b’) opposite the four chambers of the labyrinth. These smaller 
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bottles were mounted in dishes which contained wax in order to 
prevent them from being upset. The glass tubing used was of 
uniform diameter, and the ends which projected inside the cham- 
bers were carefully rounded so that they might present no dis- 
cernible differences In appearance. This tubing had an inside 


Text fig. D; Air pressure apparatus (not designed by the writer); ¢’, upper tank; 
t’’, lower tank; r. t., rabber tube which connected the tanks; s. c., stop cock. 


diameter of about 5.6mm. One only of the small bottles was used 
to contain the odorous material, and it was disconnected after 
each set of experiments to be put away until the next series of 
experiments were begun. Food (a mixture of canary seed, mil- 
let, and wheat with a small admixture of ground charcoal and 
oyster shells) was placed for each series of four experiments in 
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one of the four chambers (fig. C, f.b.), and the odor bottle was 
connected with the chamber which contained the food, where 
it replaced the bottle located there in the previous series of experi- 
ments (fig. A, 6’.). Newspapers were laid underneath the entire 
labyrinth to prevent the birds from soiling the floor. 

After the apparatus had been inspected to insure its being ready, 
the air pumps were started by turning on water at P, fig. B. 
The cage containing the bird was placed with the door against 
the entrance to the enclosure (fig. A, d); the cage door was then 
raised, allowing the subject to enter. It was not found practi- 
cable, though desirable, to place this entrance at the center be- 
cause there was greater need of room for the exhaust funnel 
at that point. Immediately after the dove was admitted, air 
pressure was started by turning a cock at s.c., fig. D. This order 
of procedure insured the entrance of the odor into the enclosure 
by the time the bird started to look for food, and the postponement 
of turning on the air pressure until just after the bird had entered 
decreased the danger of a general diffusion of the odor in the cen- 
tral enclosure during the time which was ordinarily occupied by 
the subject in hunting for the food. 

When the bird reached the seed, the air pressure was cut off 
to avoid unnecessary diffusion of the odor, but the exhaust was 
kept going until the last of the birds used in each set of experi- 
ments had found its food. 

When the last bird had finished feeding and had been removed 
to its cage, the entire labyrinth was elevated several inches above 
the floor for ventilation ; a window and a door to the room contain- 
ing the apparatus were kept open for a short time at least during 
the ventilation. 

In order to determine so far as possible. the extent of the space 
in the main enclosure where the odors which were employed in 
the experiments might be expected to be perceptible, various tests 
were made. Strips of litmus paper about eight inches long were 
hung from standards placed at thirty-six approximately equal 
points inside the main enclosure. These strips were all dipped in 
distilled water just before air pressure was turned on. Ammonia 
water of several dilutions was placed in a bottle which was used 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 3 


638 R. M. STRONG 


in place of the odor containing bottle. When a relatively strong 
solution of ammonia was used, all of the htmus paper strips turned 
blue in the course of a few minutes, those in the corners changing 
last. When solutions produced a diffusion of ammonia gas which 
seemed to be at all comparable in strength with the odor of oil 
of bergamot, so far as such a comparison could be made, a semi- 
circular area of diffusion was indicated by the litmus paper. 
The radu of this area converged at the entrance of that chamber 
where the ammonia gas emerged, and its front extended out to 
the region of the exhaust funnel. The writer stretched himself 
on the floor inside the enclosure and attempted tests of the odor 
diffusion with his own olfactory organs. Musk and violet sachet 
powder were smelled with difficulty and only at the entrance 
where these odors were emerging. The odor of oil of bergamot 
was detected as far as eighteen inches from the point of emergence. 
The odor was not strong beyond a foot or less from the entrance 
of the chamber from which the odor was emerging. 

Of course these experiments afford only indirect evidence con- 
cerning the size and form of the area in which the odor might be 
expected to be effective. However, the behavior of the birds 
and of some rats in the enclosure, when considered in connection 
with the tests mentioned above, have convinced me that the odor 
localization was sufficient to enable an animal which would be 
capable of odor discrimination to determine the compartment 
from which the odor emerged in the experiments. White rats 
appeared to have no difficulty in locating the source of the odor. 

Choice of subjects. It was obviously necessary in using such 
apparatus that only tame and tractable birds be employed. 
Of various species which were considered, ring-doves seemed to 
be most suitable. The writer had on hand a number of hybrids 
between the white and blonde ring-doves Turtur alba and T. 
risorius which were unusually tame; four vigorous males were 
chosen. Unfortunately, the habits of ring-doves do not suggest 
that they have any use for a sense of smell. Their food consists 
mostly of seeds which have practically no odor for the human 
olfactory sense. Nevertheless, their great docility, convenient 
size, and adaptiveness to cage life made them preferable, in the 


THE SENSE OF SMELL IN BIRDS 639 


writer's judgment, to less tractable birds whose habits might 
suggest greater olfactory possibilities. During the series of ex- 
periments there were many occasions when even these birds were 
none too manageable. 

Choice of odor. An ideal odorous material for these experiments 
should be associated with the natural food-seeking habits of the 
subject. It should also stimulate only the olfactory sense or- 
gans. Unfortunately, the first condition could not be realized, 
and the second could not be established with absolute certainty. 
A eareful consideration of food materials did not suggest any- 
thing under practicable conditions which would supply a strong 
odor as measured by the human olfactory organs. No odorous 
material of any kind could be found where the possibility of other 
than olfactory stimulation could be known to be absolutely elim- 
inated. It was therefore necessary to consider odors which do 
not have any known relationship to the experience of ring-doves. 

The following were selected as being the least objectionable: 
animal musk, violet-sachet powder, and oil of bergamot. Eau 
de cologne was used for the first series of experiments, but it was 
finally abandoned as the writer became impressed with the possi- 
bility of alcohol stimulation by the alcohol contained in this 
compound. Animal-musk and violet-sachet powder when they 
were not dissolved in alcohol produced odors so weak that they 
were employed only a short time. <A strong odor seemed desir- 
able because these birds could not be assumed to have so keen a 
sense of smell as even man possesses. Oil of bergamot was finally 
chosen for the larger portion of the work because it seemed to 
combine strength with freedom from at least apparent danger of 
there being other than olfactory stimulation. In the absence 
of knowledge concerning the effects of odorous materials upon the 
dove’s sense organs, the sensations of the experimenter could be 
the only guide in choosing an odor. It may be objected that 
when held very near the nose, oil of bergamot produces almost 
painful sensations, which may involve tactile endings. Under 
the conditions of the experiments, however, the stimulation of 
olfactory endings was mild for the writer and there were no sug- 
gestions of any other stimulation. 


640 R. M. STRONG 


Management of birds. Before the taking of records was begun, 
the doves were trained to look for food without the use of any 
odor. They were induced to enter a chamber by a trail of seed 
which led to the food box. In the course of a week, they lost their 
fear of entering the chambers, and it was found practicable to 
work with them twice a day. 

The doves were kept in cages which stood in the room contain- 
ing the apparatus. Their view of the apparatus was cut off by 
a screen, though this precaution was probably unnecessary. 
Even when the bird had been placed inside the main enclosure, 
on several occasions, before the seed box had been put in place, 
it gave no evidence of having profited by the opportunity it had 
had to see the location of the food, but went through the usual 
search for the proper chamber to enter. Thus, on one occasion, 
a dove after such an opportunity went to all three of the empty 
chambers before it entered the one containing the food. 

Each bird was allowed enough time to eat all the food it wished. 
It then almost invariably returned to the main enclosure, and was 
driven out through the entrance d, fig. A, into a cage which had 
been placed alongside. After a few weeks, the removal was easily 
accomplished, for the doves became accustomed to passing out 
when a stick was waved over the apparatus. 

Records. The significant movements of the birds were recorded 
usually by means of symbols. The sign = was used to indicate 
that the dove entered a chamber so far that it should have been 
able to see whether food was present or not. The simple approach 
of a bird to or within a few inches of the opening of a chamber 
without an entrance which would be complete enough to enable 
it to see whether food was present or not, was designated by the 
sign —. Thus the form 30— B = C = A indicated that dove 
No. 30 in the writer’s breeding register went to the opening of 
chamber B but did not enter. It then turned and entered cham- 
bers C and A, the latter containing the food. Notes were made 
of interesting or unusual variations in the behavior of the birds. 
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4. MORPHOLOGICAL RESULTS 


The anatomical studies made by the writer have given evidence 
that (1), the olfactory organs of birds are of too great size to be 
set aside as non-functional, but that (2) there is a tendency in the 
bird series towards retrogression of these organs. Various types 
of olfactory lobes and nerves have been figured in plates 1 and 2, 
and measurements for some of the birds studied have been given 
in table 1. 

In most of the orders, the olfactory lobes usually have essen- 
tially the form found in the doves and in the gallinaceous birds. 
They are so similar in the representatives of these two groups 
which were studied, that only one form has been chosen for illus- 
tration, and that is the species used by the writer in his experi- 
mental work (fig. 4). The so-called olfactory nerves usually 
leave the olfactory lobes in more or less close contact with each 
other, and they diverge gradually at some distance from their 
proximal ends as in fig. 4; but in some cases they are widely sep- 
arated (figs. 1, 8, 9, 18, 16, and 17). In table 1, some variations 
have been noted under the head of remarks. The length of the 
olfactory nerves and their degree of separation seem to be adapted 
to the form and arrangement of other structures in the head, and 
with no functional significance that could be discovered. Olfac- 
tory nerves, so called, were found in all of the material studied 
except for Dromaeus, Spheniscus, and Fulmarus. In these three 
birds, the olfactory lobes have their anterior ends in contact with 
the nasal capsules, though Dromaeus may possibly be said to 
have very short olfactory nerves. 

In no case was more than one pair of olfactory nerves found 
except possibly in Rhea. Unfortunately, the available material 
was not in a condition to give a satisfactory dissection for this 
species. 

The most interesting olfactory organs in some respects were 
those found in Dromaeus, Fulmarus, Catharistes, Cathartes, and 
the Corvidae. In Dromaeus and in Fulmarus, the olfactory lobes 
are notable for their relatively great size (figs. 2, 3, 5, and 6). 
It will also be observed that there is a constricted connection of 
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TABLE 1 


millimeters. 


Unless otherwise stated in the column headed 


remarks, the olfactory lobes and nerves do not vary significantly tn their size, form 


and arrangement from those of the doves and the gallinaceous birds. 
which appear in plates 1 and 2 have not been included here. 


The species 


REMARKS 


Lobes rather large and resem- 

bling those of Dromaeus 
slightly. Turbinals elaborate 
Olfactory lobes long 


Olfactory lobes long as in duck 


See next page. 


Nerves very close together 


| OLFACTORY NERVE CEREBRUM 
SPECIES | us| s _ ra 
PMs aah ae 
Rhea americana.... 9.0+ 0.7 19.5 | 34.0 
Crax carunculata...| 11.5 | 1.15 20.0 | 29.0 
Lyrurus tetrix...... PLZ OR O85 14.0 23.0 | 
Perdix perdix....... 8.0 0.4 WAS 
Gallus gallus....... 12.0 | 0.7X1.0) 14.0 | 22.5 
Columbia livia. ....) 10.0 | 0.6 75 12710722050 
Goura coronata..... | 14.0 0.8 16.5 | 28.0 
Hulicaatrde.ceek ee HO | 10) VEO! | 2200 
Anous stolidus Sep Osoy<Ondisso | beet 
Larus ribidundus ..| 8.0 | 0.7 12} (0) | PEO 
Belanopterus  cay- 

CHNENSIS seas 11.0 0.4 1254-2050 
Scolopax rusticola.. 12.2 0.8 15.0 | 20.0 
Anthropoides virgo.| 0.8 0.1 19.0 | 30.5 
Eurypyga helias..... 9.0 | 0.4X0.8} 12.5 | 19.2 
Theristicus melan- 

ODSIS 4h eres tacks 9.0); 1:0 22.5 4) 3020 
Platalea leucorodia. 8.0 12.0 Zino at 10 

| 
| 
Tigrisoma brasil- | 

JENSeHe eto eee ia.5.) gee 18.0 | 29.0 

Nyeticorax cyano-| 

ceplalussssssceee TEE (0) |e EO) 19.0 | 29.0 
Ansen <ansenercienee ) 7201) eS 33.0 | 56.0 
Anas boseas........ Pag | ae 20.0 | 26.0 
Phalacrocorax zZ 

carbone see Oras 120 2520) | 2929 
Plotus anhinga 
Sula bassana .... ..| 17.0 | 0.7X1.2) 24.5 | 


| 


throughout 


Lobes relatively small 

Lobes small and between an- 
terior ends of hemispheres; 
ophthalmic branch of tri- 
geminus very large 


Lobes long 
Lobes long 


Nerves relatively small 
Lobes relatively small 


_ Lobes have peculiar ventral 


position 
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TABLE 1 (continued) 


OLFACTORY NERVE CEREBRUM 


SPECIES REMARKS 


Breadth 


qa 
50 
a 
o 
4 


| Diameter 


Rhamphastos  cuv-' 

fertet ers. ee 60.0.5 19.0 | 29.0 | Lobes small; nerves wide 
| apart; no external nares; 
nasal chamber very short 


Gecinus viridis..... hora") 0.3 19.0 23.0 Lobes very small 

Pelecanus rufescens Lobes small 

Circus aeruginosus. | 10.0 } 0.5X0.8) 18.5 | 32.0 

Accipiter nisus...... 9.5 | 0.6— 14.0 | 24.0 

Buteo buteo,....+.- 12.0 0.5X1.1) 19.0 35.0 Lobes small and short 

Bubo ignavus....... 0.8 21.0 41.5 Lobes nof studied successfully 


Wo) 
oS 
_ 
bo 
Or On 


2 Lobes and nerves very small 
3 14.0 20. Lobes small; nerves separated 
at post. ends. 
Garrulus glandarius 9.0 | 0.20.4) 27.5 25.5 Lobes minute and fused; olf. 
| nerves very slender 


Sylvia atricapilla.. 5. 
Sturnus vulgaris....| 5. 


Or or 


the olfactory lobes with the brain in Dromaeus. Such a condition 
was found in less conspicuous form in specimens of the order. 
Charadriiformes which were examined by the writer, and it also 
appears in a figure of the brain of the American woodcock, another 
member of this order, (Herrick, 793, pl. 26). The writer regrets 
that he has not had opportunity to study the Dromaeus material 
histologically to note the relations of the formatio bulbaris to the 
olfactory lobe proper. There was evidence obtained by dis- 
section that there is a comparatively rich inervation of the rela- 
tively complicated posterior turbinals, by olfactory fibers. The 
surface of the middle concha is also elaborate, as can be seen in 
the posterior portion which has been included in fig. 2, and it 
seems quite possible that the middle concha in Dromaeus also 
receives olfactory fibers. 

Though the relatively huge olfactory lobes of the fulmar have 
been described by Klinckowstrém, they were not adequately 
illustrated in the figure which accompanied his account, and the 
nasal chambers were not included. It has therefore seemed desir- 
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able to the writer that a more complete illustration be published 
as has been done in fig. 5. The turns of the posterior turbinal 
may be seen at (d) where openings have been made in the prepa- 
ration. The extensive rolling of this turbinal and the large 
size of the olfactory lobes in this species seem very significant, and 
the writer regrets that he has not had time to study the sense of 
smell in the living fulmar. 

As the fulmar is one of a group of birds which are characteris- 
tically seagoing animals and which are in the habit of taking long 
trips over the sea, it is natural to suspect that these large olfac- 
tory lobes might be used as orientation organs if not serving for 
the sense of smell, (Cyon, ’08). With this idea in view, the 
writer wrote to Prof. John B. Watson, of Johns Hopkins Univer- 
sity during the early summer of 1910, while Professor Watson was 
conducting studies of orientation in the noddy and sooty terns 
at the Dry Tortugas Islands. Dr. Watson had discovered that 
these birds are able to find their way home over a presumably 
unknown area of the sea when taken from their nests for a distance 
of at least 850 miles, (Watson ’08). Material of both the noddy 
and sooty terns was kindly furnished by Professor Watson. The 
olfactory lobes and nerves were both found to be relatively small 
even when compared with those of birds with olfactory organs of 
moderate size. The diameter of the olfactory nerves is given in 
table 1. In this connection it is interesting to note that Profes- 
sor Watson (710) conducted experiments in which individuals of 
both species had their external nares closed with wax, but the 
ability of the birds to find their way at sea was apparently not 
disturbed. 

Although the crows and ravens have often been credited with a 
keen sense of smell, the olfactory lobes and nerves of the speci- 
mens examined were found to be surprisingly minute (fig. 17). 
In all of the Corvidae material studied, this condition prevailed. 
These structures were found with some difficulty lying deep in 
the interorbital space. As the Corvidae have been considered 
by some writers as standing at the top of the bird series, it is 
unusually interesting that the olfactory organs are smallest in 
this group. The minuteness of the olfactory lobes and nerves 
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argues for the greatest reduction of the sense of smell in this 
family. 

The olfactory lobes of the two parrot heads which were dis- 
sected were found to be so merged with the fore brain lobes as to 
be undefinable, (fig. 13). Apparently the organs of smell are not 
well developed in these birds. The representatives of the Passer- 
ine birds studied were all found to have extremely small olfactory 
lobes and nerves, as has been the observation of otherwriters. 
The condition shown in fig. 16, is characteristic for the finches. 

The writer agrees with Scarpa (’89), Schultze (’62), and Bumm 
(83) in finding olfactory organs of good size in the swimming 
birds. These organs are also fairly large in the shore birds 
(Charadriiformes). The olfactory lobes and nerves of the birds 
of prey have, on the other hand, been found to be of relatively 
moderate size, thus confirming Bumm’s observation. In fig. 12, 
a peculiarly fused and elongated condition of the olfactory lobes 
has been illustrated. In the specimens of the other birds of prey 
which were studied, these organs were more or less similar to 
those of the doves. 

On comparison of all the available material, the olfactory organs 
are found to be, in general, largest in the so called lower groups 
and progressively smaller in the higher orders. The sense of 
smell has evidently been disappearing in birds with the great 
development of the sense of vision. It seems not at all improba- 
ble that the sense of smell may be practically lost in the Passer- 
ine birds. 

The ophthalmic branches of the trigeminus after emerging from 
the orbits usually cross the olfactory nerves dorsally near their 
distal ends. Their course is often so close to that of the olfactory 
nerves at this place as to make it easy to confuse the trigeminus 
with the olfactory nerve. In the figures, the trigeminus nerve 
branches have been drawn slightly separated when desirable for 
the sake of clearness. In those forms where the trigeminus bran- 
ches to the upper mandible were found to be especially large, the 
olfactory lobes and nerves were also of good size as arule, and it 
seems not impossible that they may function in the feeding oper- 
ations of birds like the ducks, the flamingos, etc., in more or less 
intimate relationship with the trigeminus. 
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5. RESULTS OF EXPERIMENTAL STUDIES OF THE SENSE OF 
SMELL IN RJNG DOVES 


The methods which were employed in this work have been 
described on pp. 632-9, where it will be noted that a labyrinth 
was used, and the birds were compelled to find their food in one 
of four chambers which were selected by the experimenter at 
random. 

If the doves had entered the chambers entirely in hit or miss 
fashion with no clues or habit preferences which would influence 
their choice of a chamber, they would be expected, according to 
the law of error, to distribute their first choices equally among 
the four chambers, and the compartment which contained the 
food would be entered first 25 per cent of the time. What ac- 
tually happened is shown in the following tables: 


TABLE 2 
Cologne series 


No. 62,19 per cent; No. 30, 28 percent; No. 92, 333 per cent; No. 24, 24 + per cent 


TABLE 3 
Musk series 
No. 62, 20+ per cent; No. 30, 28.9 + per cent; No. 92, 31 per cent; No. 24, 25 
per cent 
TABLE 4 
Violet sachet powder series 


No. 62, 50 per cent; No. 30, 40 per cent; No. 92, 28 per cent; No. 24, 75 per cent 


TABLE 5 


Oil of bergamot series 


No. 62, 37+ per cent; No. 30, 31 + per cent; No. 92, 36+ per cent; No. 24, 47 
per cent 


It will be seen in the table that when cologne and musk were 
used, the percentages of correct first entrances were not signifi- 
cantly different from what might be expected according to the 
law of error. With oil of bergamot, however, the percentage is 
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notably large for all four birds. This is especially true of No. 24, 
a bird which gave other suggestions of discrimination in its behay- 
ior than are indicated in the tables. The percentages are also 
large in the violet sachet powder series, but not much significance 
can be attached to this fact because of the small number of exper- 
iments in this series. 

It is of course conceivable that the food itself might have had 
an odor for the doves, even though none was apparent to the 
writer. However, if there had been any olfactory stimulation 
by the food, all four of the birds probably would have shown sim- 
ilar responses to the stimulus. That failure to find the food 
through a hypothetical odor from the food material was not due 
to disturbances produced by the odors which were employed in 
the experiments, was indicated in a short series of control exper- 
iments when no odors were used. In this series, the food was 
found entirely by chance, apparently. 

There was an unfortunate tendency for the doves to enter 
chamber A first by habit. After this compartment had been 
entered, if it was empty, they would go through the usual hunt for 
the food and would ordinarily show no further tendencies to enter 
a second chamber by habit. The extent to which the birds made 
their first entrance by habit is indicated in the following tables. 

Tables showing the number of times each chamber was entered 
first : 


TABLE 6 


Cologne series 


Nos62) “A; 8:8, 14 C76De5 
NOMS O) AL 35 Belt @a 2m) 
IMIG), GAP ANS MSIE OE (Ce aie ID) 3 
NWa.2t A, 12: 'B, 4) ses 
TABLE 7 
Musk series 
INOS 62, A, Tk Bela G14 Dre 
Non 306 Ay 323) BY 4 Cree? 
No: 927 A, 383. By 43/@F2a5 D5 
Now24> Ass 23 1 BiiS Crd sD eS 
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TABLE 8 


Violet sachet powder series 


No: 62 A).0; Bi 2:'C, 1: D; 1 
No. 30 A, 3; B, 0; CG, 0; D, 2 
No. 92 A, 6; B, 0; C, 0; D, 1 
No. 24 A, 2; B, 2; C, 0; D, 0 


~~ 


TABLE 9 
Oil of bergamot series 


INio: 62), AS 352B fase. b45D 24 
NON SO AC O9 a de Oras) 2, 
Now 92) AN 94 Basle Cs 12D 39 
No. 24 A, 31; B, 42; C, 24; D, 44 


In those experiments where A was not the first chamber en- 
tered, the percentage of correct first entrances made by No. 30 
in the oil of bergamot series was 41, and 44 per cent for dove No. 
92. 

It will be seen that doves Nos. 30 and 92 both entered chamber 
A first a very large number of times. This habit became so con- 
firmed in No. 30 that experiments with this bird were finally dis- 
continued. Attempts were made to break up the habit, but no 
suecess was obtained, except when the food was placed regularly 
at one of the three other chambers. This could not be done much, 
of course, without seriously affecting the results of the experi- 
ments. It was desirable that there should be little difference in 
the number of times each chamber was used for food. It will be 
noticed that dove No. 62 did not develop such a habit and that 
No. 24 did not exhibit the tendency in the oil of bergamot series. 

In order to test the possible odor discrimination of the doves 
after they had made one mistake, the means of errors made by 
the birds were calculated. If, for instance, the birds entered 
the chambers at random and did not go into any single chamber 
more than once, they would, in a sufficiently large series of exper- 
iments, be expected to have a mean of errors approximating 1.5. 
As a matter of fact, they often entered an empty compartment 
more than once before finding the food. Thus, on one occa- 
sion, No. 92 entered chambers B and C each three times before 
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finding the food at A. In this case D was entered once. The 
record of this result was written as follows: No. 92=B=D=C 
=B=C=B=C=A. This repetition of errors increased the size 
of the mean appreciably, at first, in the cologne series. In the 
following tables it will be seen that the means were significantly 
small when oil of bergamot was used, in spite of the fact that errors 
were repeated occasionally. 


TABLE 10 


Cologne series 


BIRD | MEAN dese 
Go eee Nate mS) s Lc. | 1.5483— 0.179+ 
SU tPA eee cee dea | 1.58 0.1578+ 
COE I Aa em OR ee. oh an le 708342 0.182+ 
lS I a shed a ee ore a ee | 1.9689-++ 0.189 
TABLE 11 
Musk series 
BIRD MEAN sea Co ey cae rg 
Gori ares ten ae AR TTL LGW, cree es 
Sill) a! 5! See OR a Ss A a Re | 1.447 
(7) so les eterra- ee eRES EGS cece aehee FR Re a | 1.549 
Pee schol BiG bere aE AO EL ae | TG 
TABLE 12 
Oil of bergamot series 
BIRD MEAN a a aS 
TEs eae kOe wee AW a 1.18+ 0.058 + 
SUD ers TR SA SN Sy oe IE EP CR Sth ay firs hana 1.369+ 0.0703 + 
OER TE oa ES NO or peas SEOs Hees 1.1938+ 0.0625+ 
Beaaien ssn tres Sentes 0.922— 


0.0663 + 


The totals of trials given the doves for different odors will be 
found in the following table: 
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TABLE 13 
Bitd 2... hth eee Pe ee ers ere 62 50a P02 24 
Golomners ee cena! an a neem eee ees 25 sil 630: ate 
Mish oy eee S cicnate chia rie Mike = ts oie ot a ie ane aaa 
Violetsachet powders. . 255045) lee seo nae 4 5s he + 
Oilofbergamboyce bee votes Lee oe { @ 186h S16 | AG a Saleh 


6. CONTROL EXPERIMENTS WITH WHITE RATS 


A pair of rats were used as a test of the efficiency of the appara- 
tus. They gave the following results when oil of bergamot was 
employed, the conditions being those which were furnished the 
ring doves. 


| TOTAL NUMBER 
PERCENTAGE MEAN Torn 


OF TRIALS 
IN EDIE es pert eect n 8 tae Pope oe A ei | 0.62 0.406-+ 59 
Remalerat 4) 0 See are ee eee Cenk. 0.71 0.316+ 60 


It is the writer’s opinion that the rats found their food usually, 
if not always, when not by accident, through an association of the 
odor of oil of bergamot with the location of the food. In a short 
series of trials which were made without any odor, the rats 
appeared to find the food (sunflower seed) by the method of trial. 
That these keen scented animals made so many mistakes is prob- 
ably explained by their tendency to enter the first chamber they 
came to and sometimes the next in order before they made any 
attempt to localize the source of the odor of oil of bergamot which 
was all of the time entering the enclosure. 


7. RESULTS OF OTHER EXPERIMENTS AND OBSERVATIONS 


The writer spent about ten weeks of the winter of 1906 in Flor- 
ida, where some observations were made on the habits of the 
turkey vulture. Some very simple experiments with meat 
wrapped in paper resulted negatively, but the conditions of the 
experiments did not warrant the conclusion that meat is not 
smelled by these birds. During a tramp through a pine forest, 
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a turkey vulture was flushed from the entrance of a gopher-turtle 
hole. The bird showed a great disinclination to leave the spot 
although other individuals which were seen by the writer outside 
of cities were disposed to be wild. A dead gopher-turtle was 
found inside the burrow. It was impossible to view the turtle 
except when in a position to look down the oblique burrow, and 
it did not seem probable that a bird when flying overhead could 
see the body. <A very strong odor of carrion prevailed for some 
distance on the lee side of the burrow. 

The writer could not rule out the possibility that the vulture 
had found the turtle outside of the hole through its sense of vision 
and had later pushed the body inside, but it seemed unlikely that 
this had happened. The circumstances all appeared to favor 
the conclusion that the carrion had been smelled, even though 
the evidence was far from conclusive. The well known natural- 
ist, Henry Nehrling, whose estate was the headquarters of the 
writer during his stay in Florida, has also conducted some experi- 
ments with turkey vultures. He placed meat under boxes, and 
vultures actually alighted on these covers. 

On September 6, 1909, the writer attempted a simple experi- 
ment on the sense of smell in Apteryx, at the London Zoological 
Gardens. Through the kindness of Mr. Pocock, three specimens 
of Apteryx mantelli were available. These birds were kept in 
a pen next to one occupied by some young kangaroos. The 
study was made in the evening after dark at the usual feeding time 
for the birds. 

At the advice of a keeper, earthworms were selected for the 
experiments, as much appreciated food. Some flower pots partly 
filled with soil were placed in a row at one end of the pen, and one 
of the pots contained the worms. <A very small amount of light 
from a lantern was used in order to note the movements of the 
birds, and even the feeble light which was employed was enough 
to check the activity of two. The third individual approached 
the pots rather shyly and inserted its beak at random. On two 
occasions, it seemed as though contact with the worms must have 
been nearly or quite effected, but the bird did not discover the 
food at these times. Eventually, the worms were located, appar- 
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ently by hit or miss probing with the bill. There was no evidence 
of the acute sense of smell described by Benham (’06), though, 
of course, its existence was not disproved. The danger of serious 
effects upon the kangaroos from the disturbance produced by 
these experiments was so great that no further attempts were 
made by the writer. 

It seems highly desirable that opportunities should be furnished 
at our great zoological gardens for thorough-going studies of be- 
havior, which need not cause any injury to the animals. Little 
can be accomplished, as a rule, under the conditions which pre- 
vail. A few animals might be withdrawn from exhibition fora 
period of some weeks or months without any serious loss to the 
public and with much gain to science. The zoological gardens 
are in a position to acquire and maintain animals, which makes 
them the logical places for the study of species that are rare or 
difficult to keep in captivity. 

An uncorked bottle of oil of bergamot was held within a few 
inches of the nostrils of two emeus, but no results were obtained. 


8. CONCLUSIONS 


The author agrees with Edinger (’08a), that a sense of smell 
should be expected to occur in birds. Thus on page 440, Edinger 
Says: 


That part of the brain which in man and other animals is undoubtedly 
concerned with the sense of smell exhibits a constant arrangement and 
microscopic structure, not only in them but in all vertebrates down to 
the cyclostomes. We are therefore justified in the conclusion that an 
animal which possesses this part smells even though from its behavior 
nothing may be safely inferred. Indeed we may judge of the importance 
of the sense of smell to the animal according as this organ is large or 
small in relation to the remainder of the brain. 


Unfortunately very little is known concerning the sense of smell 
in the vertebrates outside of mammals, but it is highly significant 
in this connection, that the olfactory organs of fishes have been 
demonstrated to function for a sense of smell, by Parker (10), 
and Sheldon (’11). 
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In birds with relatively large olfactory lobes, such as Drom- 
aeus and Fulmarus, the sense of smell should of course be stronger 
than in the Corvidae. The writer knows, however, of no observ- 
ations upon the sense of smell in the first two birds other than 
the unsatisfactory ones already mentioned in this paper. 

Man is classed as a microsmatic animal, and the human olfac- 
tory organs are relatively very small; yet no one with a normal 
olfactory sense would deny that the human olfactory organs give 
their owners a large number of more or less intense impressions. 
It has not been practicable to make an exact comparison of the 
relative sizes of the organs of smell in birds and man, but those 
portions of the olfactory apparatus which are known in birds 
seem more extensive, relatively, in some birds, at least, than those 
of man. From a morphological standpoint, then, such birds 
as the Fulmar should be expected to have a more acute sense 
of smell than man possesses. 

It is quite possible that olfactory stimuli may simply rein- 
force reactions to other stimuli such as visual and tactile impres- 
sions. We may have mutual relations of stimuli such as were 
found by Yerkes (’05 and ’06), for the sense of hearing in the frog. 
Such birds as the duck or the flamingo, for example, may pos- 
sibly, in probing for food, have tactile sensations which are re- 
ceived through the huge trigeminus nerves, modified by olfactory 
stimuli. The negative results of most experiments with vultures 
may have been due to a mutual relation between the olfactory 
and visual senses which made it difficult for the bird to react to 
an olfactory stimulus only. 

The author agrees with Turner (’91), that the great reduction 
of the olfactory organs which has occurred in the higher birds 
would seem to indicate that the development of keen vision in 
birds is being accompanied by a degeneration of the olfactory 
sense which may result in its total loss, eventually. 

Though the doves in the experiments described on pp. 646-650, 
never learned to find their food with perfect accuracy during a 
series of studies which extended, twice a day, through the greater 
part of about nine months, it is evident that they were stimulated 
by at least one of the odorous materials used, 7.e., oil of bergamot. 
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Unfortunately, the writer did not find it practicable to eliminate 
the possibility of stimulation of the nerves of general sensation 
in the experiments. The operations which would be involved 
in cutting all of the nerves of general sensation which might pos- 
sibly be concerned were, in the writer’s judgment, too severe to 
be worth attempting. Not only the innervation of the nasal 
cavities, but also that of the mouth chamber, would be involved. 
It has been suggested by Professor Herrick that a series of tests 
be made with birds whose olfactory nerves had been cut, but it 
has not yet been possible to attempt this desirable experiment. 
However, the extreme tenuity of the odorous material where 
stimulation occurred would appear to require a sensitivity far 
more acute than that which is known to be possessed by general 
sensory endings. A quantity of only about 5 cc. of oil of berga- 
mot, for instance, was used and there was no significant loss in 
volume during the months which were occupied by the series of 
experiments. 

In the author’s judgment, the results of the ring dove experi- 
ments warrant the conclusion that the behavior of some birds at 
least may be affected by olfactory stimulation. 
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PLATES 


Original drawings made with the aid of photographs and the Edinger projection 
apparatus. The cerebrum and the cerebellum have been included to indicate the 
relative size of the olfactory lobes. 


ABBREVIATIONS 


c. a., Anterior concha or turbinal. c. p. Posterior concha or turbinal. 
c. m., Middle concha or turbinal. t., Ophthalmic branch of trigeminus nerve. 


PLATE 1 
EXPLANATION OF FIGURES 
(All figures X 1) 


1 Dorsai view of olfactory lobes and nerves in Struthio camelus, (ostrich). Pos- 
terior ends of nasal chambers shown semi-diagrammatically. 

2 Dromaeus novae-hollandiae, (emeu). Dorsal view showing olfactory lobes 
and a portion of the nasal chambers. A posterior portion of the roof of the left 
nasal chamber has been dissected away to show the contour of part of the posterior 
turbinal. The right posterior turbinal and a posterior portion of the right middle 
turbinal are also exposed. Contour lines for the eyes and bill have been sketched 
at the sides of the drawing for orientation. 

3 Dromaeus. Lateral view of specimen shown in fig. 2, but without the nasal 
chambers. 

4 Turtur risorius, (ring dove). Dorsal view to show olfactory lobes, olfactory 
nerves, and sections of the ophthalmic branch of the trigeminus nerve. 

5 Fulmarus glacialis, (fulmar). Dorsal view of portion of dissected head with 
the brain case material which separates the eyes from the brain removed. The 
right nasal chamber and a posterior portion of the left nasal chamber are exposed. 
The posterior turbinal of the right side has been opened at d to show the turns or 
rolls of its structure. The middle and anterior turbinals have been mutilated 
slightly in the dissection. 

6 Fulmarus. Lateral view of right olfactory lobe. A small posterior bit of 
the right nasal chamber is represented semi-diagrammatically in contact with the 
right olfaetory lobe. 

7 Pavoncella pugnax, (ruff). Dorsal view. Sections of the ophthalmic 
branches of the trigeminus nerve are figured pulled apart very slightly to avoid 
confusing their outlines with those of the olfactory nerves. 

8 Pseudotantalus leucocephalus, (white-headed ibis). Dorsal view to show 
olfactory lobes and nerves. 
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PLATE 2 
EXPLANATION OF FIGURES 
Figures 15 and 16 are X 13. All other figures X 1. 


9 Leptotilus crumeniferus, (African adjutant). Dorsal view to show olfac- 
tory lobes, olfactory nerves, and posterior portions of the nasal chambers. The 
ophthalmic branches of the trigeminus nerves are seen pulled slightly apart, and 
they enter the roof of the nasal chambers anteriorly. The main branches of the 
right olfactory nerve in the dorsal inner roof of the nasal chamber are shown as 
they appear insucha preparation. The corresponding area in the left nasal cham- 
ber has been opened. 

10 Phoenicopterus roseus, (European flamingo). Dorsal view showing olfac- 
tory lobes, olfactory nerves, posterior portions of the nasal chambers, and ophthal- 
mic branches of the trigeminus nerves. Contour lines for the eyes have been 
drawn. 

1@ Catharistes urubu, (black vulture). Dorsal view showing olfactory lobes 
and nerves, posterior portions of the nasal chambers, and trigeminus branches. 
The trigeminus nerves are seen ascending from the orbit and converging at some 
distance anterior to the junction of the olfactory nerves with the nasal chambers. 
Contour outlines for the eyes are sketched. 

12 Cireaétes gallicus, (serpent eagle). Dorsal view showing fused olfactory 
lobes, olfactory nerves, and posterior ends of the nasal chambers. The fused and 
lengthened condition of the olfactory lobes which has been shown here was not 
found in the other birds of prey which were examined. 

13. Chrysotis auripalliata, (golden-naped Amazon parrot.) Dorsal view of dis- 
sected head. The olfactory lobes ure seen to be fused with the diverging fore- 
brain lobes, and they are practically non-definable by the method of dissection 
alone. The olfactory nerves are seen to divergewidely. The right nasal chamber 
has been exposed to show the turbinals. The tissue composing the orbits has been 
removed, and the eyes are consequently not separated in the figure from the 
cerebrum and the olfactory nerves. 

14 Coecyges erythrophthalmus, (black-billed cuckoo). Dorsal view of olfac- 
tory lobes and nerves. 

15 Motacillaalba, (white wagtail). > 3. Dorsal viewshowing the very small 
and fused olfactory lobes merged with the tapering fore brain lobesso as to be unde- 
finable by the method of dissection only. 

16 Coccothraustes coccothraustes, (hawfinch). > 3. Dorsal view of portion 
of dissected head. The right nasal chamber has been partly exposed. The olfac- 
tory nerves are shown throughout most of their extent. Orbit tissue removed. 

17. Corvus corax, (raven). Dorsal view showing the minute olfactory lobes 
and the slender olfactory nerves. The posterior ends of the nasal chamber are 
included. 
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ON THE REGULAR SEASONAL CHANGES IN THE 
RELATIVE WEIGHT OF THE CENTRAL NERVOUS 
SYSTEM OF THE LEOPARD FROG 


HENRY H. DONALDSON 
The Wistar Institute of Anatomy and Biology 


FIVE CHARTS 


The bearing of this investigation can best be understood by a 
short account of the steps leading up to it. In some earlier stud- 
ies on the innervation of the muscles and skin of the leg of the 
bullfrog and of the leopard frog (Donaldson ’98) (Donaldson and 
Schoemaker ’00)! the weights of the brain and of the spinal cord 
of the frogs were taken, and the percentage of water in these two 
portions of the central nervous system determined. 

When the records thus obtained were assembled, the arrange- 
ment of them as they appeared on the chart suggested that the 
increase 1h the weight of the central nervous system might run 
parallel to a logarithmic curve, based on the weight of the entire 
body. The curve based on this datum alone was however found 
to fall away from the observed values as the body weight increased 
and hence a second factor, the value of which increased gradually 
but at a diminishing rate, was necessary to make the calculated 
values correspond to those observed. This second factor was 
found in the total length of the frog, the fourth root of which in- 
creased at such a rate that when the logarithm of the body weight 
is multiplied by the fourth root of the total length, the values 
obtained are an almost constant fraction of those observed. It 
remained then merely to multiply the number thus found by a 
constant to approximate the observed values. 


‘In the paper cited above and in several other publications from my labora- 
tory, the leopard frog has been designated R. virescens brachycephala Cope. 
Since 1908 the name Rana pipiens has been used (see Donaldson, Science, vol. 
26, p. 655, 1907). 
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The formula for the weight.of the central nervous system was 
accordingly written 


Weight C. N.S. = (Log. W x yL)C 


where ‘weight C. N.S.’ is the combined weight of the brain and 
spinal cord in milligrams; W the body weight in grams; L the total 
length of the frog in millimeters, and C, a constant empirically 
determined. 

Corresponding results were obtained for both the bullfrog and 
leopard frog (Donaldson ’02). 

By this formula it is possible to calculate the approximate 
weight of the central nervous system of the frog from the data 
on body weight and total length, and also to show its growth. 

The observations used in the foregoing study, from which the 
formula was obtained, were taken from summer frogs (%.e., in 
the case of the bullfrogs, July and August, and in the case of the 
leopard frogs, June and July). 

In commenting on these results, I pointed out at the time that 
it was necessary to avoid several sources of observational error. 
These are represented (1) By variations in the moisture of the 
frog, and therefore only frogs that have been kept moist for some 
hours at least, should be used. (2) By loss of weight during cap- 
tivity, especially in frogs taken in the spring and early summer. 
Hence such frogs must be examined either as soon as caught or 
must be kept under special conditions or some correction must be 
made for the loss which they undergo. (38) By season; as I noted 
that both in the few spring and autumn frogs which I had exam- 
ined, the nervous system was apparently relatively lighter than 
in frogs killed during the midsummer. 

In the course of this work, the first two sources of error were 
taken into account, and corrections made where they were deemed 
necessary. Also, as just stated, the third was escaped by using 
summer frogs only. 

The difference thus found between the relative weight of the 
central nervous system in the summer andin thespringandautumn, 
appeared to me worth further examination, for unless it could 
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be satisfactorily explained, the formula which had been suggested 
for determining the weight of the central nervous system seemed 
to have only limited applicability. 

For this reason, in 1901-02, I endeavored to get data which 
would show whether a regularseasonal variation took place. Since 
that time, I have examined for the same purpose other series of 
frogs in 1908 and also in 1909. 

The general result of these observations is to show that the 
relative weight of the central nervous system of the leopard frog 
does change during the year, being constant during hibernation, 
low in the spring, high in the summer and low again in the 
autumn, when the frogs go into hibernation. 

The discussion which follows is intended to present 

I. The evidence that a seasonal change occurs. 

II. The biological interpretation of this change. 


I. THE EVIDENCE THAT A SEASONAL CHANGE OCCURS. 
TECHNIQUE AND SOURCES OF ERROR 


In all of the series about to be described, the technique for 
examination has been essentially uniform. Specimens of Rana 
pipiens, the leopard frog, alone were used. The frogs were kept 
moist for several hours before dissection. They were killed with 
chloroform and the body weight =(Bd. W.) taken to the nearest 
0.1 gm. The frog was next either suspended or laid flat on its 
ventral surface, with the legs fully extended, and the distance 
from the tip of the nose to the tip of the longest toe taken with 
a jointed calipers and then read off on a scale to the nearest mil- 
limeter =(total length). While in the ventral position, the 
long axis of the head was brought in line with that of the body 
by raising the head with a small wooden wedge, and with a vernier 
calipers the distance from the tip of the nose to the tip of the 
urostyle—the cartilaginous end of which was exposed by a slit 
through the skin—was measured and read to the nearest 0.1 
mm. =(body length). 

The frog was then placed on its back, opened and all the viscera 
removed. 


666 HENRY H. DONALDSON 


At this time any necessary correction in the body weight was 
made by subtracting from the initial weight, the weight of the 
ova or of undigested food distending the stomach. These were 
the only two corrections made to the body weight. The body 
weights of the females are always given without the ova. 

After evisceration. the brain was exposed throughits entirelength 
and the spinal cord exposed as far down as the III nerve. With 
spring compasses, the length of the brain from the tip of the olfac- 
tory bulbs to a point midway between the tip of the calamus scrip- 
torius and the level of the III nerve =(origin of II nerve) was 
taken. This was recorded to the nearest 0.1 mm. = (brain length) 
The olfactory nerves were next cut through with a very fine scis- 
sors, and in the same manner a section was made between the 
tip of the calamus scriptorius and the III nerve, 7.e., the level of 
the emergence of the II nerve. The choroid plexus over the fourth 
ventricle was removed and then the brain was raised from be- 
hind forwards on a narrow lifter, and the nerve roots severed as 
close to the brain as possible. 

If the hypophysis was still attached to the brain, it was removed 
and the remaining mass at once placed in a closed weighing 
bottle and weighed to 0.1 milligram =(brain weight). 

Similarly the spinal cord was exposed through its entire length 
and the conus just caudad to the XI nerve laid bare. With the 
spring compasses the length from this point to the level at which 
the cord had been severed from the brain was measured and re- 
corded to the nearest 0.1 mm. =(cord length). The cord was then 
seized just below the conus with a fine forceps and raised so that 
the nerves could be clipped away close to the cord. The mass of 
the cord, thus deprived of nerves, was placed in a closed weighing 
bottle and at once weighed to 0.1 milligram = (cord weight.) 

Both parts of the central nervous system were then dried at 
90-95° C. for a week and reweighed. From these data, the 
percentage of water in the brain and in the spinal cord was de- 
termined to 0.1 per cent =(percentage water, brain) = (percent- 
age of water, spinal cord). 

For the present investigation, the foregoing determinations 
represent all that are necessary. 
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Observations on the frogs examined at Chicago, 1901-1902 


Beginning in the spring of 1901, I endeavored to examine four 
males and four females of R. pipiens each week from March 28, 
1901, to the following March, 1902. As will be seen from table 1, 
this plan met with only approximate success. 

The frogs examined in Chicago were obtained from a dealer 
who was in turn supplied from a wide range of country extending 
from southern Minnesota to Indiana. 

It was assumed at the beginning of this work that season was 
the main cause modifying the relative weight of the central 
nervous system in these frogs, and that therefore the fact that the 
frogs were taken from different localities would not materially 
modify the results. Consideration of all the facts at present in 
hand now leads me to think, on the contrary, that the relative 
weight of the nervous system is modified by station, and that in 
the case in question, the frogs from different stations were mixed 
together. As a rule however, the lots which were obtained were 
rather uniformly mixed and so, except in a few cases, no serious 
discrepancies appeared. 

As has been stated, it was planned to examine every week, four 
frogs of each sex or eight in all. From March 28, 1901, to Octo- 
ber 2, this plan was followed with moderate success, although the 
number of complete records is less than of those incomplete. 
This has come about by reason of the fact that although the full 
number of frogs was examined almost every week, nevertheless 
when the percentage of water in the brain and in the spinal cord 
was determined later, it was found in some cases that it was be- 
yond the normal limits. These I have set for the brain as 83.5— 
85.5 per cent and for the spinal cord as 79.5-81.5 per cent. When 
any record transgressed these limits for both the brain and spinal 
cord, such a record was excluded as it was assumed that deviation 
to this extent in both divisions of the central nervous system 
meant that the frog was in an abnormal state. 

Between October 2nd and the end of the year, this deviation 
in the percentage of water made it necessary to exclude all the 
records. The frogs obtained by us at this season had evidently 
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been caught much earlier and were suffering from the conditions 
under which they were kept. 

It was then not until the end of January, 1902, that a few 
freshly captured frogs were brought in and these were used for 
series 37, the last one in table 1. 

The frogs examined were selected from the dealer’s tank less 
than 24 hours before they were to be dissected, and kept in proper 


TABLE 1 
Data on frogs from Chicago, 1901-02 


| 
sats Sache | AE ee A eanstncnen ia ieee 
M. F. | | Mean | Range Brain | Cord 
| | 1901 | | 
| RMT NG | 3 | 3 | Mareh 28 | 24.7| (24.2-25.7) | 84.1] 79.5 
7 SA ae Ay BO at) April 3 | 24.8 (22.5-26.7) | 84.4 | 80.2 
Hen ee 4 | 3 | April 10° | 25.4) .(23:6-28.7)r 1), 84 ees 
a 4 4 April 16 | 26.9 | (22:9-29.4) | 84.7 | 80.7 
Se. 4 4 | April 23 | 27.0| (24.3-31.4) | 84.2 | 80.2 
Gi. 4 4 | April 30 | 25.0] (23.0-26.3) | 85.0 |-80.7 
riiee 4 | 4 | May 8 | 28.6 | (24.6-32.7) | 85.1 | 80.9 
Sis: 4 | 2) May 15 | 27.3} (24.1-29.8) | 84.4 | 80.9 
Ore! | 3S "| 4. |) May 21 | 28.1, (24.1-30.5) | 84.9 | 80.5 
ieee | 4 | 4 | May 28 | 27.2| (24.4-30.9) | 84.4} 80.4 
hs gn re | 3 3 June 4 |29.4] (24.5-33.8) | 85.0 | 81.0 
ae fare 3 June 11 | 26.1] (23.5-29.1) | 84.2 | 80.2 
13% 2 4 | June 19 | 26.4*| (21.5-30.1) | 85.0 | 80.9 
ee 4. |) 2") Jane 26 | 25.2%) (23.5-27.5) | 85.5 | 80.3 
Ares ae 21a) (FEZ ae es all seta 3 | 24.2% (22.9-25.4) | 85.6 | 80.9 
16.. 4 | 3 | July 9 | 25.1% (23.7-26.3) | 84.4 | 79.8 
ii AN A Tiley 17° | 27.9| (25.9-30.7) | 84.3 | 79.7 
1S: 4a 30 Sully 23 | 80.0} (27.3-31.4) | 84.9 | 80.7 
1Se 4 4 | July 30 | 29.3 (22.7-83.7) | 85.0 | 80.5 
205.5 4 4 August 6 | 27.0) (25.3-30.9) | 84.5 | 79.7 
Pe 4 | 4 | August 13 29.4 | (28.1-31.5) | 85.1 | 80.4 
2. 3 | 4 | August 20 | 28.0] (24.8-31.1) | 84.9 | 81.3 
rs ie Vin 3 | August 27 | 28.5) (24.9-33.6) | 84.6 | 80.4 
24... 3 3 | September 3 | 27.1) (23.6-31.2) | 84.5 | 79.0 
208 2 4 | September 12 29.2 | (24.0-32.7) | 84.1 | 79.1 
26.5 3 | 2 | September 17 | 24.9/ (22.8-25.9) | 85.2 | 80.9 
Ploeg 3 | 4 | September 24 | 28.6 (26.4-30.6) | 84.3 80.2 
287 4. |) (4. | October ) 2 | 2821 |" (@6-4-32.3)) 88-4 S056 
| 1902 | 
37 2 | 2 | January 30 | 24.8| (22.9-27.8) | 84.6) 81.1 


*See page 671. 
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jars in the laboratory until examined. Enough frogs were taken 
to give as a rule four of each sex, and the endeavor was made to 
have them of nearly the same size, 7.e., 22-29 gms. in body weight. 
A glance at table 2 will show that this effort was largely success- 
ful. The measurements which were made included (1) the total 
length, (2) the body weight (3) the weight of the brain (4) the 
weight of the spinal cord, as well as the length of each of these 
portions of the central nervous system and the percentage of water 
in each. 

These data, from 1-4, are necessary for determining the value 
of the constant C in the formula 


Weight of C. N.S. = (Log Wx yL)C. 


It will be seen from the inspection of the formula that if there 
are two frogs of the same body weight and the same total length, 
but differing in the weights of their central nervous systems, then 
in the case of the frog with the lighter nervous system, the value 
of C will be less than in the other, for by the terms of the formula, 
the weight of the central nervous system is 


C times (Log Wx \L) 


a value which in this instance is the same for both the frogs. 
It becomes therefore possible to express the changes in the rela- 
tive weight of the central nervous system by the differences in 
the value of C—and it is this method which has been here em- 
ployed. 

This variation in the constant C not only enables us to express 
the variations in the relative weight of the central nervous system, 
but is by far the best method available for the purpose, as it is 
quite independent of the absolute size of the frog in any instance. 

In table 1, the average value of C is given together with the 
range in this value for each series. 

If these average values for successive weeks are plotted, they 
show great irregularity. By grouping the series however, so as 
to take the first one alone, then the next three series as the second 
group, and finally the remaining series up to the very last one in 
groups of four, and the last one again alone, we obtained the data 
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TABLE 2 


Data on frogs from Chicago, 1901-02. Fundamental table giving the mean values 
of all the data for each group 


|aroannien OF SPECIMENS 
SERIES Soe See) =. BODY WEIGHT TOTAL LENGTH 
M. | F. 

gms. mm 
| einer ene ts Sree 3 3 pile? 165 
DG Ts 6 Ld ES oF 12 8 22.6 170 
a es Ld. nN 16 14 2153 168 
OHI ae. Were easels t aS Me 22).3 168 
1316s. bees eee: 15 eee? 24.4 174 
Wee eet PAL NA 16 15 22.4 166 
PET, IR ay aah ek Sel 14 14 23.3 166 
D5 eA awe 2 hoe ee 12 14 23.0 165 
STR Oe 2 2 19.4 166 

Brain 

SERIES WEIGHT LENGTH PERCENTAGE OF WATER 
gms. | mm. 

1 ee ee ae ee 0.0793 | 13.7 | 84.1 
A le ie niet lente cate ee Oa 0.0857 1 Sed, | 84.6 
SO Res CP eee Tin Chetty eae 0.0870 13.6 | 84.7 
NES etl Rie a eee 0.0917 13.9 | 84.6 
Sea Setlists hae 0.0859 14.1 B51 
Te a ep ae ee in 0.0939 14.2 84.7 
p.) ae, eee See meee 0.0944 | 14.2 | 84.8 
DRO RN etat Mace yey ete 0.0933 14.1 84.5 
Byte tS hs Ceres ae ae 0.0793 13.4 84.6 

Cord 
Nic: Pe Se een es 0.0382 14.6 79.5 
4 os, encore 0.0410 15.6 80.3 
BEG) telstra oe | 0.0415 | 15.5 80.7 
GEIB. SR ke bare eee en | 0.0423 15.3 80.6 
IGG ie we te Sere y 0.0416 | 15.6 80.5 
V720.L ae Ree | 0.0443 | 15.5 80.1 
Py A Mine ae Fae | 0.0453 | 15.3 80.4 
D596 1) a eee | 0.0429 | 15.2 80.2 
1 A Te ER 2, 0.0344 15.4 81.1 
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given in table 3. This table shows that the mean value of C 
rises from March 28th to a maximum in July and then begins to 
fall. In the case of one group, formed by the series 13, 14, 15 and 
16, there appears an unexpectedly small relative weight of the 
central nervous system, while at the same time there is no ground 
to exclude these series as abnormal. I assume therefore that the 
series forming this group came from localities where the frogs had 
a proportionately small nervous system and that these were not 
mixed as in the case of the other series, with frogs from more north- 
ern stations, in which the nervous system happened to be larger. 

For reasons given earlier, the autumn fall is very incompletely 
shown, but the observation of the January series gives, asone would 
expect, a value of C similar to that found in March. Asa control, 


I have calculated the probable error of the mean (+ .6745 a 
\ n 
of C in all the groups of table 3. 
As will be seen, in the groups that consist of four series, this is 
quite constantly about 0.3. This value is high but when it is 
considered that the ranges of the value of C in the several series 


TABLE 3 
Data on frogs from Chicago, 1901-02 


| ene a, VALUE OF C PERCENTAGE OF WATER 
SERIES an oi MEAN DATH ita |e yt ; a 
| Probable 
ifs We aie Mean error of Brain Cord 
| mean 
| 1901 | | 
1 eee st it March: | 28 | .o47 | #016) 84.1 | 79.5 
DATS Atte 12). (8 \ April 9 | 25.8 | +0.32| 84.6 80.3 
Fees, ote 16. “| 1a | May Ao DIO aOR IO pee gy 80.7 
OSi2h or.) 14 oid. Jone 1” |) e276 ls Orato s4aG 80.6 
a= Ge hale eto June 29* | 25.8: |) 20:27 |e 85.1 80.5 
E20 MealiG) ot lay t dhaly oF | 28:5 0 iy sOnsteh 6847 80.1 
PI el TAS | 4 4) August 94 |. “28.5. Ors" 8458 80.4 
25-28......; 12 | 14 | September 22 97.9 | +£0.32) 84.5 80.2 
1902 | | 
iene aes Bop 22 January 30 24.8 | +0.67 84.6 81.1 


*See Comments on p. 671. 
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are much the same (table 1) then it would follow that the size of 
the probable error of the mean would rapidly reduce as the num- 
ber of cases was increased. It is by reason of this fact that I still 
consider the successive mean values of C significant, despite the 
large probable error. 

When the data in table 3 are put in the form of a chart (1) 
where the ordinates represent the values of C on a base line of 
time in days, the relations above described are shown clearly. 
We conclude therefore from this series that the relative weight 
of the central nervous system of the leopard frog rises from the 
time that the frog appears in the spring until midsummer, arid 
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2 CHICAGO 


FEB. MAR. APR. MAY. JUNE. JULY AUG. SEPT. OCT. NOV. DEC. JAN. 


Chart 1 Based on data in table 3. Determination for C, June 29, not entered. 


then falls until the frog goes into hibernation, 7.e., when the 
external temperature drops to 7°-10° C. =45°-50° F. (Torelle, 
03). It should be added however that this critical temperature 
is probably modified by latitude and tends to become lower as 
we pass from south to north in the range of the frog. 

In table 2 are given the necessary fundamental data relating 
to the several groups belonging to this lot of Chicago frogs. 


Observations on the frogs from Minnesota, 1908 


The exact locality of the frogs in this series is not known. 
They came however from Minnesota, probably from southern 
Minnesota and all from the same station. They were delivered 
in good condition in Philadelphia where they were examined. As 
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table 4 shows, there were but three series and the numbers, ex- 
cept in the last series are small. The treatment of these Minne- 
sota frogs was similar to that for the Chicago frogs, and need not 
be again described. 

As shown in table 5, there is a spring series, a summer series and 
a late autumn series (entered in two parts) and in these three 
series the relative weight of the central nervous system as shown 
by the values of C, undergoes a seasonal variation corresponding 
to that found in the Chicago frogs—although the absolute values 
for C are much higher. This variation is exhibited in chart 2. 


TABLE 4 


Data on frogs from Minnesota, 1908. Fundamental table giving the mean values 
for each series 


| NUMBER OF SPECIMENS | 


SERIES : BODY WEIGHT TOTAL LENGTH BODY LENGTH 
M. 12% 

gms. mm. mm. 
Hen Seb le weer eet 9: Dee ees (50S oltanerale 79.5 
ee fe ick bee OMe Ser 56-4 ees 84.2 
BNE Aah vc dose skiy 3 SP | 48258 Pca 78.4 
ener te AL 3 Qi) |e (64-98" | eaeeo see 85.4 

| 
Brain 
SERIES WEIGHT LENGTH | PERCENTAGE OF WATER 
| gms. mm. 
Pale antes es ee Mah ot | 0.1250 16.4 84.8 
hg Opal ooh te en Pe | 0.1475 17.5 85.6 
2 AAR Oui hae SRR a | 0.1245 | 16.6 85.0 
Sy Ney Rack einen aaeaes | 0.1334 | 17.5 84.6 
: CPUNSLRET te fi Kc 
Cord 

TRC Adeee sects 8.8 2 | 0.0577 18.5 79.9 
Tite ed ee Se | 0.0640 1807; 80.4 
oh ca ae | 0.0582 18.1 80.1 


| 
3) iS ids bin ee ae | 0.0665 19.3 | 79.9 
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For the Chicago frogs we had no October observation, but in 
this case we do have one and it is seen that it occupies the position 
which we should expect, and thus supplements and extends the 
Chicago data. 

When first computing the values of C for the Minnesota frogs, 
taken in October, it seemed important to use specimens having 
the same body weight as those used in the preceding series, so the 
first entry for October made in tables 4 and 5 is for the six speci- 
mens having an average body weight of 48.5 gms. This entry is 
designated 3. Later the value of C was determined for the re- 


TABLE 5 
Data on frogs from Minnesota, 1998 


NUMBER OF | 


ae BIRO 
SPECIMENS VALUE OF C 


SERIES a 
Probable 


DATE 


M. | #F Mean error of the Range 
meant 
1908 
ile 2 | 2 | March 26 28.1 +0.30 (27 .0-29 ..4) 
Di 0 > | June 10 Sil i +().65 (28 .8-34.8) 
gS 58 A ee ed 3 3 | October 19 PASS Pe +().66 (24.5-32.6) 
cea ene 3 9 October 19 28.3 +().36 (25 .1-32. 


* Series 3 (six cases) has an average body weight of 48.5 gms. 
+ Series 3’ (twelve cases) has an average body weight of 64.9 gms. 
t See comments on pp. 671-672. 


maining twelve specimens having an average body weight of 64.9 
gms. This latter record is entered in the tables as 3’. The value 
of C is the same in both series. This gives me the opportunity 
to correct a statement previously made, (Donaldson 710, p. 14) 
to the effect that the value of Cis in a measure influenced by the 
absolute size of the frog. This conclusion I now think erroneous. 

It may be added that in the paper just cited the argument is 
not altered by the introduction of the data for the groups of frogs 
there excluded from comparison on account of their body weight. 
The most striking difference between the observations on the 
Minnesota frogs and those on the Chicago frogs is the high value 
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of C in the former, but the discussion of this point will be deferred 
until the observations on the next lot of frogs have been presented. 

The probable error of the mean values of C given in table 5 
is open to the same interpretation as was given in the case of the 
Chicago frogs (see pp. 671-672). 

We conclude from this study of the Minnesota frogs that the 
relative weight of the central nervous system is low in the spring, 
high in the midsummer and low again in the autumn, and these 
relations are shown on chart 2. 
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MINNEAPOLIS 


FEB, MAR. APR. MAY. JUNE. JULY AUG. SEPT. OCT. NOV. DEC. JAN. 


Chart 2. Based on data in table 5. 


Observations on the frogs from the Brandywine, 1909 


These frogs were brought from the Brandywine Creek near 
Philadelphia, and in some ways represent the best of the three 
lots. The plan was to examine about twelve specimens at inter- 
vals of a month or less between the appearance of the frogs in the 
spring and their disappearance in the autumn. The two Feb- 
ruary series, as well as those of October and November, were 
taken within a spring house, and those of the intervening series 
from the neighborhood. The frogs did not emerge until the end 
of March. The July series was overheated in transport and could 
not be used. In all there are eleven series recorded. 
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As in the other cases, all the frogs examined in which the per- 
centage of water was normal, have been included in the records, 
but those with abnormal percentages of water in the central ner- 
vous system have been omitted, hence many of the series contain 
less than twelve records (see table 6), which also gives the funda- 


mental data for this lot. 
TABLE 6 


Data on frogs from the Brandywine, 1909. Fundamental table giving the mean 
values for each series 


NUMBER OF SPECIMENS 


| 


SERIES para Se Sh ee Paes | BODY WEIGHT TOTAL LENGTH BODY LENGTH 
Mies Salant <p! 
| | gms. | mm mm 
ea a 5 1 See ae asiee ae, 66.8 
Dae, ta dae ey 6 5 leeeons 172 | 66.2 
Be at 4 oa ane an 7 4 867 166 es aGSR 
FTN anc em. 2H 12) ie O 21.0 158 60.1 
os eee aie email XG 32.7 188 Ag 
GM CR ey 6 2 27.7 179 63.8 
| Fa ee LY ae hl 
hak J Me ai Meee ea tte 3 5 28.8 | 176 66.3 
Tin RRND a aaa 5 7 45.5 197 75.8 
Tee Ee ii ee 2 6 40.5 190 71.5 
Cit ee Sones eat 4 li eae aliaaee eel desl. Nala 67.0 
Ee reed eanean ta 22 elses 33.0 | 182 68.9 
Brain 
SERIES WEIGHT LENGTH sage eis OF WATER 
gms. mm 
1h ee arts eee ot a 0.0881 14.7 83.9 
oc fete Cee ee 0.0876 14.5 83.6 
SPAS aia alen‘ed) pereaa 0.0867 14.6 84.2 
Ae UNO ae | 0.0729 14.4 85.0 
(UR eean WRAY | Caan | 0.1074 15.4 85.3 
BES Sat Dp eee eal aaa 0.0895 14.2 84.6 
Toh RA ee 
is) tC ERB 6 0.0962 15.0 85.0 
Qc SAS 0.1178 15.9 84.8 
10.322 Pe ee 0.1058 15.3 85.2 
tice tet oa 0.0915 14.7 84.8 
[Dri ouch ie Ieee 0.0927 15.0 84.8 
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Cord 
SERIES | WEIGHT LENGTH | PERCENTAGE OF WATER 

ble Asien bu, Gey Aes Le, Oe ee 0.0394 16. 2 79.9 
Ns 5 ee oe 0.0382 16.4 78.9 
St es Piece se 0.0354 14.8 | 79.4 
A a deo Ea Sale a | 0.0334 15.0 80.3 
ne eyes Meee oe Sok. eee 0.0429 16.5 80.4 
Ci ah es tres ek wees 0.0361 15.8 Till 
(AEROS A co. See eae 

Sipe meenipe yn Se a 0.0417 ee 80.9 
Oia ae eet ot ey ae 0.0497 AG 80.0 
Gee ey tee oe 0.0446 ee 80.4 
linen reeset Meo ccm St, 0.0392 16.3 80.7 


ae tae Rte erin: 0.0404 6.6 80.6 


When the values of C for these frogs are plotted as in chart 
3, we obtain a series of records which, although irregular for the 
midsummer season, fit very fairly with the entries in the two 
preceding charts. Asin the Chicago lot the average value of the 
probable error (table 7) is 0.3. The size of the error in this case 
is open to the same explanation as was given before in the cases 
of the Chicago and Minnesota lots. The diminution on the rela- 
tive weight of the central nervous system in the autumn is shown 
better in this series than in either of the two preceding. 

The data as they stand justify in this case the conclusion which 
has been drawn from the other two sets of data; namely, that the 
relative weight of the central nervous system is low in the spring, 
high in the midsummer and low again the autumn. It will be 
noticed that the absolute values for C are again different from those 
in the preceding cases, being the lowest of all. 

It is hard to compare the ranges of C on the charts 1, 2 and 3 
because of the difficulty of constructing satisfactory curves by 
which to make the comparison. I made for my own use however 
a series of curves, employing each to control and correct the others 
and obtained the following relations of C, always taking the late 
March value as the initial one. 

The Chicago frogs were found to range in the value of C from 
24.7—28.5 or 3.8 points, the Minnesota frogs from 28.1-31.3 or 
3.2 points, and the Brandywine frogs from 24.0 to 27.0 or 3.0 
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points. Thus the percentage gains are 15.4 per cent, 11.4 per 
cent and 12.4 per cent respectively. This indicates that the frogs 
from the several localities change not only in the same manner, 
but also to about the same extent. 


28, VALUE OF C. GHARIS 


BRANDYWINE 


FEB. MAR. APR. MAY. JUNE. JULY. AUG SEPT. OCT. NOV. DEC. JAN. 
Chart 3 Based on data in table 7. 


When we take the mean of the percentages given above, we 
find it to be 13.1 per cent, the true maximum in all cases falling 
in July. This result can be controlled by another treatment of 
the data. 


TABLE 7 


Data on frogs from the Brandywine, 1909 


| 
NUMBER OF VALUE OF C 


| 
| 
| 
| 
| 


SPECIMENS 
Saas | ee ie DATE 
| Probable 
M. 1 Oe eal | Mean error of Range 
| mean* 
= = = £ = 
| 1909 | 
Moke eee aes > |) Hebruarey § tape 23-7 | 0220 | 20.925 1) 
Ds sentria | 6 | 5 | February 22 | 23.8 | +0.36 (21.7-26.8) 
30 | 7 | 4 | Mareh 3) | «624.0 | +£0.29 | (20.9=26:)) 
4.. LI eo Apr Sen | 24.8) | 20120 (23.2-26.3) 
ERWrarses e 6 | May 20 | 26.8 | +0.61 | (22.5-31.7) 
6 Penne 2 | June 19 26.3 | 0.30 | (24.4-28.9) 
7 .| a | | | 
our |) 3.) 25 1 Apustoe e138 26.1 | +0.24 (A=27 41) 
9.. | 5 °| | September 8 | 27.2 | +031 | 425.2-20.6) 
10ers Were 6 September 24 25.2 | £0.57 | (21.6-29.6) 
Wie ame 7 | October 19 24.5 | +0.43 | (20.2-28.7) 
IDs. 2 3 November 16 23.9 


=0.16 | (22.7-26.0) 


*See comments on pp. 671-672. 
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TABLE 8 


The percentage changes in the value of C in each of the three lots of frogs. The March 
value used as the standard is underlined 


CHICAGO LOT MINNESOTA LOT BRANDYWINE LOT 
o a | Sr _|| a Cai ae mS | 8 
5 | 28 | s | 28 5 | 68 
DATE Ng A in| DATE a | 2% DATE Balhae z 
5 | gs S| Be 5 | 28 
2 a ° < g° < a? 
> m& | > 0) > iv 
= — It ————— —- —__— — 
| | | February 4 23.7 |-1.0 
| | | February 22 | 23.8 |—0.8 
March 28 | 24.7| 0 || March 26 | 28.1 0 March 23 | 24.0) 0 
April 9/25.8| 4.8] | | April Dal 247 Se 353 
May 427 ON 9 3. | | May 20 | 26.8 | 11.6 
June D206) 7 June 107) 31.1) 10.7 || June 19 | 26.3 | 9.6 
June 29 | | | | 
July 27 | 28.5 | 15.4 | | August 13 | 26:1} 8.7 
August 24 | 28.3 | 14.6 | | September 8 27.2 | 13.3 
September 22) 27.9 | 13.0 | | | September 24 | 25.2) 5.0 
| October 29 | 28.2 | 0.3 | October 19 | 24.5| 2.1 
| | | 0.4 
| . 


November 16 23.9 — 
0.4 | | | 
| | | 


| 


January 30 | 24.8 

The percentage change in the value of C as indicated by the 
observations when the late March value is taken as the standard, 
is given for all three lots in table 8. 

When thé data on these tables are put in the form of a chart 
(chart 4) and then an ideal symmetrical curve is drawn a number 
of interesting relations come into view. 

In the first place the maximum of this curve in July is 13 per 
cent above the initial value of C. Second, during the month from 
the end of March to the end of April, C increases about 7 per cent; 
during the month from the end of April to the end of May, about 
4 per cent, and from the end of May to the end of June, about 2 
per cent. During July little change occurs and then the converse 
changes follow during the three months from August first to the 
end of October. During hibernation, November first to the end 
of March, the value of C is nearly constant. 

These values are admittedly only approximations, but when so 
understood, they serve to show the general course of the seasonal 
changes. 
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From the foregoing we are justified in concluding that there is 
a seasonal change in the relative weight of the central nervous 
system of the leopard frog, R. pipiens, and that this occurs 
regularly each year and in frogs taken from widely separated 
localities. 

Moreover, if we know in any case the value of C for a colony 
of frogs at a given date, it is possible in accordance with these 
results to determine approximately what the value will be for 
other representatives of the same colony, at any other season of 
the year. 

Nevertheless in the first instance, the values of C for a given 
colony must always be determined by direct observation. We 
have seen that at similar dates the value of C for the Brandy- 
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Chart 4 Based on data in table 8. Also giving an ideal curve about which the 
several records are grouped. 
® Records from Chicago series. 
° Records from Minneapolis series. 
x Records from Brandywine series. 


wine frogs is 24.0, for the Chicago frogs 24.7 and for the Minne- 
sota frogs 28.1. The differences between these series I refer to 
the general effect of the external conditions (= food supply, 
abundance of water, etc.) but whatever the explanation is, such 
differences must always be anticipated. 

Further, the individual variation in this character is large 
so that all determinations should be based on data from groups, 
and not on single cases. 

On the other hand, although the frogs from a given locality 
or station may have the central nervous system developed in a 
proportion different from that found in frogs from another local- 
ity, yet frogs from the same locality tend to remain constant 
in this character. 
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This last statement is supported by my observations on the 
two European species, R. esculenta and R. temporaria, as given 
in table 9. 

As is seen, the value of C in both the European forms is less 
than in the American R. pipiens (Donaldson, ’08 and ’10). 

The point to be specially illustrated in table 9 is, however, that 
frogs from the same locality maintain the same values of C. Thus 
both series of R. esculenta, taken from the same station at Zurich 
and examined in July, but with an interval of five years, show 
values of C nearly alike. 


TABLE 9 
| VALUE OF C 
| NUMBER OF : 4 Fie Sh ews 
POR | SPECIMENS BEAMINED. Probable 
Mean error of the 
mean 
Rresculentascceer sae eee | 11 July 20, ’04 23.8 | +(). 46 
Rescuilemitan $3. yas. 11 | aluly 6, 709 23at +(0.36 
Its LEMMON oo ooeocue see 12 July 1, ’04 22.8 | +£0.47 
I, WEMO NOMEN oe gee ge eno c|| 16 August 20,709 21.8 | =+0.26 


On the other hand, the two series of R. temporaria from the 
same station at Liverpool, give on July 1, 1904, 22.8 and on August 
20, 1909, 21.9, a fall of about 4 per cent in the value of C, which, 
as explained above, is the sort of change to be expected, although 
the amount of it is larger than we should have predicted. 


Il. THE BIOLOGICAL INTERPRETATION OF THE SEASONAL 
CHANGE IN THE RELATIVE WEIGHT OF THE 
CENTRAL NERVOUS SYSTEM 


In order to form a proper picture of the manner in which this 
change in the relative weight of the central nervous system as 
just described is brought about, it will be necessary to obtain a 
notion of the growth changes in the entire frog during the active 
period of each year. At present only two sets of observed facts 
are available: (1) The change in the percentage of water. (2) 
Changes in length :—but from these latter, changes in body weight 
can be fairly inferred. 
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1. The changes in the percentage of water 


As to the percentage of water in the entire frog, I made the 
determination in the Chicago frogs by drying the animals for sev- 
eral weeks in the same oven which was used for the determina- 
tion of the percentage of water in the brain and spinal cord. 

From each series in the Chicago lot, with the exception of 1, 
2, 35 and 38, one male and one female frog were taken; both 
were weighed fresh and then opened and the ova removed from 
the female when necessary. Care was taken of course that no 
other tissue was lost by the operation. 

The results are given in table 10, first for single series, then for 
the averages of the several series grouped in the way in which the 
series appear in table 3. The entries for the series, 13, 14, 15 
and 16, which series were not used for the determination of C, 
are also given, and it is interesting to note that there was nothing 
peculiar in the amount of water in the entire frog in these cases. 


TABLE 10 


On the amount of water in the entire frog. Chicago frogs, by single series and by 
groups 


PERCENTAGE OF WATER 


SERIES © DATE MALES | agar FEMALES 
ees i ee 
SERIES GROUP | SERIES GROUP | 
ot evar ee Aas ams. 
1 nae March 29 | | | | | 
Ze ae: April 4 | 
Sere April 10 | 
AeA Ae April i fame ess ri Team 2126 81.4 81.4 | 16.6 
Ce ae April 24 | 80.1 | 81.0 |] 
(oes May 1 erie Pari 80.8 | 
80.5 | 22.9 80:7 |. 21-3 
Teste May 8 80.1 80.8 | 
Bate ees May 15 82.1 79.3 
YBa! May 22 Sr aren | 81.4 |) 
10) eee May 29 8 leo a | aare 82.2 Si 9 aoe 
eee June 5 80 3 | Wee 81.8 
He June 12 ise | 79.4 | 
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TABLE 10—ContTINUED 


PERCENTAGE OF WATER 


SERIES DATE MALES FEMALES 
BODY BODY 
= = ) |) WRIGHT: } iene n Som (0the TES EL GED 
| SERIES GROUP SERIES GROUP 
| 1901 | gms. | | | gms. 
Ce June 19> 3) 80:5; “1 Wels Jet 
Ee eee June ah} 79.9, | 79.9 : 
ae July 4 79.8 80.1) 22.9 | 79.9 pl CE ee 
WG. July 11 78.4 |j | oa) 
UP cast July 18 78.9 |) | b  <79e7 
Cae a July 24 | 80.4 | hizet aces 
Ta eee aly 31 | 77.9 78.7 | 22.9 HG Sualliwce ea Vas 
PAU SRE August Tf Noe tices [meer (s8) 
Bo) Aupustis 14) 27605 : | 77.6 | 
a ale PAIS cis Di Pee 1G: 5 |< 76a by 
23....... August 28 | 78.1 Le Rare) a COA (eee 2 
DA Nes | September 4 | 78.7 | 76.3 
| 
7 oleae September 12 16.3 |) (herd ANN | 
AG eae September 18 | 81.3 || 78.4 | 
27......| September 25 76.8 TMZ cae 77.5 Gee | ar 
7: eke | October See iie eSn0 78.2 
7 eat October 10 | 78.4 | | 78:6" |) 
“(aes October 17 | 77.8 | 81.9 
ie October 24 | 79.4 GUUS) ease 78.5 oO ees 
Be aback October 31 80.5 80.7 
ee November 14 | 79.8) 80.2 
oi ae ee | November 27 | 81.3 |} 80.7] 23.3 82.0 80.7 | 24.3 
aOreeE el Decembery is mee sleOn | 80.0 
| 1902 | 
Biel acs | January 10 8273 ~ |) \ 84.5 | \ 
Bie uetiianery. aie ee eo.3- | {52> | 20 Oe ee eee 
Soar | March 22 | | 


The entry for January 10 and 31, 1902, of M. 82.3 and F. 83.2 
per cent seems very high—but the water in the nervous system of 
these groups was not found to be excessive. These high values 
are probably due to the fact, as suggested by the body weights, 
that these frogs were a year younger than those used for the rest 
of the series. I will return to this matter later. On following 
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down the water determinations by groups, it is quite evident 
that the entire frog begins with a high percentage of water in 
April and May, which diminishes towards the midsummer (Aug- 
ust) and then rises again during the autumn. Moreover as the 
records stand, they suggest that the percentage of water in the 
female, as compared with the male, is higher in the spring, lower 
from July to October and higher again during hibernation. 

It may be added as bearing on this difference according to sex 
that I made a few observations on the percentage of water in the 
ripe ova of these frogs. These were taken early in the spring. 
The determinations are given in table 11. 


TABLE 11 
Percentage of water. Females 


IN ENTIRE FROG IN SAME FROG ~ 

WITH OVA WITHOUT OVA xt ONES 
SEELCS 4 kas heres 76.8 81.4 56.4 
SELES Dien Wh es 76.8 §1.0 | Dae 
SErlGse(acoss hse Meee 76.5 80.8 O2eo 


The average of the values in table 11 is 57.3 per cent which is 
in general agreement with the old observations of Beaudimont 
‘and St. Ange (’47) giving in the eggs of Rana (esculenta?) the 
percentage of 55.7. 

The data serve to show the relatively small amount of water 
in the ova and the effect of the presence of the ova in reducing 
the percentage of water in the entire frog. It is just possible that 
in late summer, at least, small quantities of young ova, considered 
at the time too insignificant to be removed, may have contributed 
to the lower percentage of water in the female at this season. 

For the general course of this percentage during the season, 
as shown in table 10, it is difficult to give a complete explanation. 
Long ago, in his admirable study on the distribution of water, 
v. Bezold (’57) showed that larger frogs (Rana temporaria) had 
a less percentage of water than smaller ones. His series ranged 
in body weight was from 3.0-61.0 gms. and the corresponding 
percentages of water were 79.77 and 74.31, with six intermediate 
determinations. 
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In this series it is to be noted that the heaviest frogs are prob- 
ably three years older than the lightest. At 22.7 gms., v. Bezold 
finds the percentage of water in the early summer to be 78.2, 
which is in good agreement with my July record of 78.7 (average 
of both sexes) for frogs the average body weight of which was 22.4 
ems. 

Since in table 10 the body weight values—save for April 
(females) and January (both sexes)—are nearly alike, the vari- 
ations in the percentage of water cannot well be explained as due 
to size. On the other hand if the frogs were from eggs of the 
same year, except in the instances above indicated, the specimens 
examined later in the season must be older than those taken ear- 
lier. Advancing age would demand a fall in the percentage of 
water and this fall as we have seen, occurs. But the fall in turn 
gives way to arise in the percentage of water after the beginning 
of September. To explain this latter result, I can merely suggest 
that it occurs as active feeding comes to an end and when the frog 
is less well supplied with food than in the early part of the summer, 
and thus it may represent a condition of underfeeding or starva- 
tion which has been shown by Moraczewski. (00) to cause the 
percentage of water in the entire frog to rise.’ 

It is evident therefore that age and food conditions at least have 
an influence on the percentage of water in the entire frog, but the 
results, like those given in table 10, cannot be fully explained until 
it is determined first whether there are additional important con- 
ditions, and second, how these conditions which we do recognize 
interact. 

Before leaving this topic it is important to state that in both the 
brain and the spinal cord no systematic variation in the percent- 
age of water can be observed during the active season. This 
statement is true for all three lots of frogs. Moreover, as shown 
in table 12, the averages for the percentages of water in the brain 
and cord (using the data in tables 3, 4 and 6) are nearly alike for 
all three lots of frogs. 


2 In the paper cited above, Moraczewski’s general conclusion 2, page 144, is con- 
tradictory to his tables. The above statement in the text is based on the tables 
and on the text on page 136 of the paper cited. 
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TABLE 12 


Average values of the percentages of water in the brain and spinal cord of the several 
lots of frogs, from data in tables 1, 3 and 6 


BRAIN CORD 
Frogs trom Chicago- eye ace te | 84.6 80.4 
Hrogs trom Mannesota, 150.0240. ecee en |. 85.0 80.1 
Frogs from the Brandywine............... 84.6 80.0 


2. Changes in length 


On the growth of the frog in length during the active season 
only two sets of data have been found. In the first instance 
Miss Dickerson (’07) gives pictures of Rana aurora at one, two 
and three years. On measuring these, I obtained the body lengths 
given in table 13. 

Using the determinations made on R. pipiens—which Rana 
aurora resembles—and according to which the body length is 
37.5 per cent of the total length—we obtain the calculated total 
lengths given in table 13. 

From-a series of determinations of the relation of body weight 
to total length in R. pipiens, Dr. Hatai (’11) has developed the 
accompanying formula: 

y = 158 Log(@@ + 6.5) —63 
in which y is the total length in millimeters and x the body weight 
in grams. This expresses the normal relation of total length to 
body weight in R. pipiens’. 
TABLE 13 
Rana aurora 


CALCULATED 


AGE | BODY LENGTH mas =e See ee et 

Total length Body weights 
yrs. mm. mm. gms. 
| en Perey Ee Nees eee 36 | 96 3.6 
D te Shee Te eta Oe Tees 50 | 133 10.9 
DEO 


SM ee oe ey ly, > 63 | 168 


* This formula was based on themeasurements of several series of Chicago frogs, 
R. pipiens. It fits the observations on the Minnesota frogs also. The observa- 
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When this formula is applied to the foregoing data, we obtain 
for the given total lengths the body weights which are entered in 
table 13. The results show that for the years taken, the body 
weight approximately doubles during each active season. This 
completes the first instance. 

The second instance is from Fischer-Sigwart (’97) who reports 
for R. temporaria the following body lengths at different ages: 
see ‘body length’ in table 14. 


TABLE 14 


R. temporaria 


CALCULATED 


AGES BODY LENGTH = =n 
Total length Body weight 
mm. gms. 
End of first year........ 20-25 | 68 0.8 
End of second year..... | 30-35 95 | 3.5 
End of third year....... (42-47) * | (128)* 8 .0* 
0 


End of fourth year... .. 55-60 163 | 22) 


*Interpolated by H. H. D. 

According to Boycott (04) the body length in R. temporaria 
is 36.6 per cent-of the total length. 

If now we take for the determination of the total iengths the 
highest values for the body lengths as given in the foregoing table, 
we obtain the series of figures marked ‘total length’ in table 14. 
Using the data on body weight given for R. temporaria by Boy- 
cott (’04) in his table (p. 375) we obtain the approximations for 
the body weights which are given in the last column of table 14. 

Here again the body weights are more than doubled from season 
to season during the last three years. The value of the foregoing 
calculations lies not in the exact numbers obtained, for these are 
in a measure open to correction, but in the indication which these 
numbers give of the rate of growth from year to year. 


tions on the Brandywine frogs however show fora given body weight, total lengths 
about 4 per cent less than those determined by the formula. These last frogs are 
therefore heavier for a given total length or shorter for a given body weight than 
those on which the formula is based. The formula does not apply to frogs less 
than 3.5 gms. in body weight. 
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They show that the rate is such as to cause the body weight to 
double, or more than double, from season to season during the 
three successive annual intervals; a very peculiar interesting re- 
sult when compared with the growth of mammals. 

Having thus determined the growth in body weight from season 
to season, it is desirable to calculate the weights of the central 
nervous system which correspond to the body weights found. 
We shall take but one instance—namely the last pair from the 
table 14—as these represent records for which we have some 
control observations. 

The weight of the central nervous system is determined by the 
formula based on body weight and body length, using in the first 
instance 20.2 for the value of C. This value of C was obtained 
in the following manner. On referring to table 9, page 681, it is 
seen that the value of C for R. temporaria on July 1, 1904, was 22.8. 
According to our present view of seasonal change, we should expect 
this to be the maximum annual value of C. If this be correct, then 
this value is 13 per cent greater than it would be in the spring or 
autumn; therefore at the two ends of the season we should expect 
the value of C to be 13 per cent less or 20.2. The weight of the 
central nervous system is therefore calculated accordingly, 7.e., 
with C = 20.2 for the two ends of the season. 

In addition to the two sets of values giving the body weight, 
total length and weight of central nervous system, first at the 
time of emergence of a given individual, and second at the time of 
its hibernation, there have been interpolatéd in table 15 the val- 
ues for this same frog when half grown in body weight—that is 
weighing 15.0 gms., and in the first instance the weight of the 
central nervous system in this half grown frog is calculated using 
20.2 as the value of C. 

This table 15 gives us a notion of what would take place. if the 
frog increased by about two and a half times its initial weight in 
the course of the season, and at the same time underwent the nor- 
mal correlated increase in body length and in the weight of its 
central nervous system—the relative weight of this latter remain- 
ing the same, 7.e., the constant C remaining unaltered during the 
process and having the value of 20.2. From the Zirich series we 
have reason to think, (see table 9,) that the mid season value of 
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C is not 20.2 but 22.8, as observed. When this latter value of C 
is taken, then the weight of the central nervous system at the mid 
season becomes 0.0941 gms., which is nearly the weight found 
at the end of the season. This value is entered in table 15 under 
Cz=22 8. 

The first comment on these results is that they are in good 
agreement with the direct observations on the weight of the cen- 
tral nervous system in R. temporaria (Donaldson, ’08, table 9), 
and may therefore be used as a basis for further argument. 

The foregoing computations have been repeated in the case of 
the data for R. aurora, (table 13), but as the results depend en- 
tirely on the fact that the frog more than doubles its body weight 


TABLE 15 
R. temporaria 


CALCULATED WEIGHT OF CENTRAL NERVOUS 
| SYSTEM 
TOTAL LENGTH BODY WHIGHT 


C=20.2 C=22.8 
mm. gms gms | gms 
128 | 8.0 0.0614 
150 15.0 | 0.0834 | 0.0941 
| 
| 


163 22.0 | 0.0968 


from season to season, and as we do not have data to control 
them, it does not appear necessary to put down the numerical 
findings. 

If now we attempt to picture how these growth changes which 
have been determined are related to one another in order to give 
the results found, the following appears. 

As shown in table 15, the weight of the central nervous system 
at emergence is .0614 gms. and at hibernation .0968 gms., a gain 
of 57 per cent. For the mid weight value in this table, or a body 
weight of 15.0 gms., the weight of the central nervous system 
would be .0834 if C remained constant. We know however that 
C rises in the first half of the season and in July is 13 per cent 
greater than in March. Taking C as 22.8 therefore, or 13 per 
cent more than its initial value, the weight of the central nervous 
system becomes .0941, or almost that found at the end of the 
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season. We conclude from this that the growth of the central 
nervous system is precocious and takes place mainly in the first 
half of the active season. 

The relations just described are plotted in chart 5. Here the 
shape of the curve for the increasing weight of the central ner- 
vous system is fixed for the last half of the season, but the form 
given to it for the first half is based on the assumption that 
growth must begin slowly and become rapid only later. 

Until direct observations on the body growth can be made for 
the exact control of this curve, the form given here may stand 
as a probable representation of what occurs. 


10 - WEIGHT IN GMS. CHART 5 10 


09 .09 


.08 .08 


GROWTH OF 
CENTRAL NERVOUS SYSTEM 
CALCULATED 07 


O07 


FEB. MAR APR. MAY. J " os 
; y é UNE. JULY. AUG. SEPT. OCCT. NOV. DEC. JAN. 


Chart 5 Curve for the growth of the central nervous system, R. temporaria. 
Based on data in table 15, using the value of C=20.2 for March and October and 
the value of C=22.8 for July. 


It is to be remembered however that this curve asit stands is 
based on observations on R. temporaria, but from what we know 
about this species it seems most probable that it applies to R. 
pipiens also. 

In connection with the phenomena just described, it may be 
well to review briefly the growth conditions for the frog at various 
seasons. When a normal frog disappears in hibernation, it 1s 
prepared for the experience. The digestive system has suffered 
involution and a considerable amount of fat has been stored in 
the fat bodies, liver and muscles. The frog emerges from hiber- 
nation with most of this stored material intact and lives on it 
largely during the breeding season and the earlier spring weeks. 
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As this gradually becomes exhausted, feeding is resumed and with 
the advance of the season and the increase in food, the frog not 
only grows, but restores these reserves and prepares for the next 
period of hibernation. 

This review of the feeding habits of the frog serves to empha- 
size the fact that the conditions for nutrition in the early part of 
the season are different from those to be found later, and in so 
far might be responsible for the peculiarities in the relative growth 
of the central nervous system which we have observed. 

In addition there are several considerations which have a very 
immediate bearing on the foregoing results, and especially on their 
variability. It must always be remembered that we are working 
with an animal in which the regulation of both general and rela- 
tive growth is poor: an animal very responsive to the influence 
of external conditions—one that canbe chilled or warmed, dried 
or made moist, fed abundantly or left without food for long 
periods. 

Thus, in a poor season, 7.e., poor in insects, or in the water con- 
ditions, the frog may not exhibit its usual increase in size, may not 
store its full food reserve for the first half of the year to follow and 
so not only grow poorly in general, but also not be able to exhibit 
the usual relative growth of the central nervous system during 
the season which follows. 

It is hardly necessary to elaborate these relations, enough hay- 
ing been said to indicate why frogs taken at the same date and 
in the same locality, may exhibit wide differences in the relative 
weight of the central nervous system. What we find in the case 
of any frog probably depends in large measure on the external 
conditions to which that individual has been subjected, not only 
during the season in which it was caught, but also during the sea- 
son which preceded. If one turn back therefore to table 1, 
it appears that in the Chicago series the minimal values of C vary 
irregularly from month to month; suggesting that some of the 
individuals grew very little—as this would be the readiest explan- 
ation of the absence of systematic changes—while the maximal 
values show more consistent changes, tending to follow the mean. 

On the other hand, in the case of both the Minnesota and 
Brandywine frogs, both the minimal and maximal values tend to 
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follow the mean values more regularly; Minnesota, table 5, 
Brandywine, table 7. 
SUMMARY 


From the foregoing discussion, the following conclusions are 
drawn: 

1. - The relative weight of the central nervous system of the 
frog, Rana pipiens, changes during the active season, and such a 
change is probably characteristic for other species of frogs with 
like habits. 

2. The relative weight of the central nervous system is low 
at the time of emergence, high in the midsummer (July) and low 
again at the time of hibernation. During hibernation it remains 
nearly constant. In the formula used to express the weight of 
the central nervous system, the absolute value of C is character- 
istic for the station from which the frogs come. 

3. The range from minimum to maximum in the value of C 
is about 13 per cent, rising 7 per cent from the end of March to 
the end of April, 4 per cent more from the end of April to the end 
of May, and 2 per cent more from the end of May to the first of 
July, remaining stationary in July and then in reverse order falling 
month by month at a similar rate to the end of October. 

4. This variation-in the relative weight according to season is 
due to lack of coincidence between the growth of the central nery- 
ous system and the growth of the entire body. 

5. In frogs from one to four years old, the body weight more 
than doubles during each active season. The precise form of 
the curve representing this body growth is not known. 

6. The growth of the central nervous system is precocious in 
relation to that of the body, but in the absence of direct observa- 
tions on the growth of the body, the form of the curve can only 
be indirectly determined as shown in chart 5. 

7. During the active season, the percentage of water in the 
entire frog falls slightly from spring to summer and rises again 
from summer to autumn. These changes seem to be due to the 
combined effects of advancing age and varying food supply. 

The conclusions just given apply primarily to the interpreta- 
tion of the preceding observations, but secondarily they also 
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bear on the phenomena of growth as shown by vertebrates in 
general. The curve for the growth of the central nervous system 
of the frog as given in chart 5 has the general character of the cor- 
responding curve for a mammal; but as is evident, this curve in 
the case of the frog must repeat itself from year to year, so that 
if we should plot the entire curve for the span of life, rather than 
for a single season, it would be represented by a sinuous ascend- 
ing line in which the sinuosities would probably diminish towards 
the upper end. 

If we turn now to general body growth, which is closely corre- 
lated with that of the central nervous system, it appears that the 
poikilothermous vertebrates as a group must show a seasonal 
variation in growth in all latitudes where there is any marked 
seasonal change, and that the phenomena of hibernation, with the 
concomitant effects with which we have to deal, represent merely 
a special case of this seasonal variation. 

If now we pass up the vertebrate scale we find in the temper- 
ate zones both hibernating mammals, as well as those in which the 
seasons seems to produce marked nutritional modifications, and 
finally we have Malling-Hansen’s observations (’86) on Danish 
children from 9 to 15 years of age which show that the growth in 
stature is mainly inthe third of the year between the middle of 
April and the middle of August, while the third comprised be- 
tween the middle of August and the middle of December is the 
one in which they gain nine-elevenths of their annual increase in 
body weight. This leaves the remaining third from mid-De- 
cember to mid-April, z.e., late winter and early spring, as the one 
in which very little growth of any sort occurs. This seems to 
link the rhythmic growth in the frog with that in man. To be 
sure there are at present but very few data available, but such as 
we have suggest that within the annual cycle we should expect 
even in the higher vertebrates a distinct rhythm corresponding 
to the responses of the poikilothermous vertebrates, and still exhib- 
ited even by the group in which the regulation of temperature 
has been more or less completely attained. 

Just one point more. The rate of growth in the frog, more 
than doubling its body weight for three successive years (as far 
as we have observations) shows that the rate in the frog does not 
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fall off with anything like the rapidity that it does in man and 
some other mammals. This difference suggests a number of 
questions to answer which it will be necessary to take up the study 
of growth in hibernating mammals. 
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THE PHYSIOLOGY OF CELL-DIVISION 


IV. THE ACTION OF SALT SOLUTIONS. FOLLOWED BY HYPERTONIC 
SEA-WATER ON UNFERTILIZED SEA-URCHIN EGGS AND THE 
ROLE OF MEMBRANES IN MITOSIS 


RALPH S. LILLIE 


From the Marine Biological Laboratory, Woods Hole, and the Physiological Labor- 
atory, Department of Zoology, University of Pennsylvania 


THREE FIGURES 


INTRODUCTION 


During the summer of 1909 at Woods Hole I found that mem- 
brane-formation and cleavage, leading in a small proportion of 
cases to the production of blastulae, could be induced in unfer- 
tilized eggs of Asterias and Arbacia by temporary exposure to 
isotonic solutions of various neutral salts.!. Salts of sodium and 
potassium were chiefly employed, including chloride, bromide, 
nitrate, iodide and sulphocyanate; last summer chlorate was 
also used. In the case of Asterias all of these were found to 
induce membrane-formation and cleavage in a large proportion 
of eggs. With Arbacia, however, only iodide and sulphocyanate 
showed a corresponding degree of effectiveness; nitrate had well- 
marked though less decided action, chlorate produced little and 
bromide still less effect, while chloride was almost entirely in- 
active; sodium acetate was found to act like chloride. The order 
of relative effectiveness of the salts, ranged according to the 
anions, is as follows: COO CH; and Cl<Br<ClO;<NO; <I 
and CNS. This order is also that of relative activity in freeing 
pigment from the eggs; a perceptible loss of pigment occurs within 
two or three minutes in iodide and sulphocyanate solutions and 
more slowly in solutions of the other salts. The exit of pigment 


1R. 8. Lillie: American Journal of Physiology, 1910, vol. 26, p. 106. 
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is to be regarded as a consequence of increased surface permea- 
bility ;? hence the inference naturally follows that the critical 
change in the egg, to which membrane-formation and the initia- 
tion of cleavage are due, is a well-marked and rapid increase in 
the permeability of the plasma-membrane. 

The differences between the above salts are to be regarded as 
dependent on differences in the physico-chemical characteristics 
of their anions; the most effective salts, iodide and sulphocyanate, 
are those whose anions have greatest action in altering the state 
of aggregation of proteins and other negative colloids (including 
lipoids) in the direction of increased dispersion. The order of 
physiological activity thus corresponds to the order of relative 
action on colloids. The effect is therefore to be attributed to the 
action of the salt on the colloids of the plasma-membrane, whose 
permeability is thus altered at a rate and to a degree determined 
by the physico-chemical activity of the anion. 

A similar agreement between the order of relative physiological 
activity of neutral salts of alkali metals and the order of relative 
action on colloids has been observed in a variety of cases. From 
his experiments on the influence of isotonic solutions of these 
salts on the demarcation current of muscle Héber concludes that 


2 It appears out of the question to assume, as apparently some have done, that 
none of the pigment is free to diffuse within the cell, that it is all combined or ad- 
sorbed in solid granules or chromatophores. Granting that this is the case for 
part of the pigment, it is always necessary to assume the existence of an equi- 
librium between the adsorbed pigment and that in true solution and capable of 
diffusion. The homogeneous distribution of the pigment in Arbacia eggs in the 
space between the nuclear and plasma membranes is practically a proof of its free 
diffusibility; another and more cogent proof, is that it is liberated from the egg 
by any substance, irrespective of its chemical nature, that alters the surface pro- 
toplasm. That traces of saponin, mercury or silver salts, acid, alkali, as well as 
the above neutral salts, should all have the same effect, proves that a specifically 
chemical alteration is not the ground of the diffusion of the pigment to the exterior. 
The exit of pigment, besides being the most convenient index of a decided increase 
of permeability, has the advantage over indexes based on the use of foreign sub- 
stances, that a substance normally present in the cells is concerned. There is 
always the doubt, in estimating the permeability by the addition to the medium 
of a foreign substance like alkali, that the latter produces abnormal alterations in 
permeability and thus gains entrance. Final conclusions should be based on the 
use of several methods serving for mutual control. The possibility of selective 
permeability must also be taken into account. 
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the ions act primarily on the plasma-membrane, altering the 
permeability of the latter, with corresponding changes in the 
electrical and other physiological properties of the tissue.* The 
influence of salts in initiating cell-division is, on the present 
theory, an instance of an essentially similar kind. 

Since in Arbacia eggs only the most active salts, iodide and 
sulphocyanate, and to a less degree nitrate, have decided action 
in inducing cleavage, while all increase the surface-permeability, 
though at different rates, it may be inferred that the rate of 
permeability-increase (@?) must exceed a certain critical mini- 
mum in order that cleavage may be started; hence the more 
slowly acting salts—chloride, bromide, and acetate—are prac- 
tically ineffective with these eggs. In Asterias eggs, on the other 
hand, the permeability of the plasma-membrane is more readily 
increased, and all of the above salts‘ produce membranes and start 
cleavage. Different eggs thus vary in their response to a given 
method of treatment according to the specific peculiarities of 
their plasma-membranes. In Asterias the plasma-membranes 
are evidently more susceptible to changes of permeability than 
in Arbacia. The former eggs are less stable, less uniform in 
behavior, and less tenacious of life; and these peculiarities are 
undoubtedly related to the greater ease with which they may be 
induced by artificial means to cleave and develop. It is self- 
evident that plasma-membranes which are highly impermeable 
and whose permeability is increased with difficulty must isolate 
the protoplasmic complex more completely from its surroundings 
than membranes of a more permeable and less stable kind, and 
that a more radical change in external conditions will be required 
to influence the metabolic or other processes in eggs thus enclosed. 
It is, I believe, for this reason that Arbacia eggs are relatively 
resistant and unresponsive as compared with Asterias eggs. 
Analogous considerations apply in other cases; hence the prob- 


3 Cf. Héber: Physikalische Chemie der Zelle und der Gewebe. Engelmann, 
Leipzig, 1906, pp. 217 seq., 370 seq. Further references in this book. 

4 Possibly excepting acetate whose action on starfish eggs I have not yet tried. 
I am confident, however, from the effects produced by chloride, that acetate will 
be found to have well-marked action on Asterias eggs. 
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lem of inducing parthenogenesis in unusually resistant eggs re- 
solves itself into a choice of means by which the requisite rapid 
and reversible increase of permeability may be effected. I have 
considered the conditions in Asterias in more detail elsewhere.® 
In the present paper the description will be confined to experi- 
ments with Arbacia eggs. 

The following experiments were suggested by the foregoing 
theoretical considerations. If the essential action of the above 
salts, acting as parthenogenetic_.agents, is to cause a rapid initial 
increase of permeability, membrane-formation and the initiation 
of cleavage should be prevented by the addition of other salts 
that oppose the permeability-increasing action. In studying the 
toxic and antitoxic action of various salts on the pigmented larve 
of Arenicola I had observed that the effect produced by an anti- 
toxic salt like calcium chloride in diminishing the toxicity of pure 
solutions of sodium salts was always associated with a prevention 
of the marked and rapid increase of permeability,—indicated by 
loss of pigment—which the pure solution typically produces.® 
Now it seems clear that any marked and unchecked increase of 
permeability, sufficient to destroy the normal osmotic equilibrium 
and allow abnormal diffusion of substances into and out of cells, 
must derange and eventually destroy the chemical organization 
of the latter. It is, I believe, essentially for this reason that 
pure solutions of sodium salts are highly toxic; but if to such solu- 
tions small quantities of calcium or other favorable salts are added, 
the permeability remains normal or undergoes only gradual alter- 
ation so that the cell is enabled to retain its normal properties 
for greatly prolonged periods. The antitoxic salt thus acts by 
preventing or checking increase in permeability. I have already 
mentioned that pure isotonic solutions of neutral sodium or potas- 
sium salts acting on unfertilized Arbacia eggs produce a similar 
increase in permeability with loss of pigment, which is most rapid 
in iodide and sulphocyanate solutions; this effect, together with 
the associated toxic action, is greatly checked by adding a little 

* American Journal of Physiology, 1911, vol. 27, p. 289. 


® American Journal of Physiology, 1909, vol. 24, pp. 23-25. Other observations 
not yet published confirm these results. 
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calcium to the solution. It is therefore to be expected that the 
initiation of cleavage by such solutions, if dependent on rapid 
increase of permeability, will also be prevented by the addition 
of calcium. This has been found to be the case. 


EXPERIMENTAL 


In the following experiments unfertilized eggs of Arbacia 
were exposed for five or ten minutes to isotonic solutions of neutral 
salts of sodium and potassium. The effects produced by pure 
solution and by solutions containing calcium chloride were 
studied and compared. The salts used were chlorate, nitrate, 
iodide, and sulphocyanate.’ The effect of after-treatment with 
hypertonic sea-water and cyanide-containing sea-water was also 
studied. 

The procedure was the same as in my former experiments. 
In each series eggs were exposed for five and ten minutes to (a) 
the pure solution of the salt and (b) to the same solution plus 
a definite quantity of “ CaCl?: usually 12.5, 15, or 25 ec. $ CaCl 
was added to 250 ce. of the pure salt solution. The concentra- 
tion of the latter was 0.55 M. 

The essential results of these experiments may be described 
in a few words. Eggs exposed for five or ten minutes to pure 
isotonic sodium or potassium iodide or sulphocyanate solutions 
and then returned to sea-water undergo the series of changes 
described in my former paper. <A large proportion, in favorable 
experiments practically all, form fertilization membranes, usually 
thin and close to the egg-surface; two or three hours later the eggs 
are found for the most part to be more or less irregular or amoeboid 
in form and in some cases subdivided into several cells. These 
cleavages are almost always irregular and much slower than nor- 


7 Chloride and bromide were omitted as practically inactive. The salts, it will 
be noted, are all salts of strong monobasic acids; the solutions were thus neutral 
in reaction in all cases. Since traces of alkali may produce membranes it is im- 
portant to make sure of this. Commercial sulphocyanate preparations are often 
distinctly alkaline; those used in the present experiments were neutral to phenol- 
phthalein. The OH-ion concentration was thus below 108 n—less than that of 
the Woods Hole sea-water. The salts used were Kahlbaum’s and Baker’s 
analysed. 
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mal. Usually a small proportion of such eggs develop to the 
blastula stage; such blastulae are, as a rule, feeble and more or 
less abnormal; the proportion so developing is variable and always 
small—a fraction of one per cent. The four salts NaI, NaCNS, 
KI, KCNS all produce essentially the same result; NaCNS how- 
ever has proved somewhat less effective as well as less toxic than 
the others. Nitrate produces membranes and change of form in 
a smaller though still considerable proportion of eggs, varying 
from ten to fifty per cent. Chlorate is less effective than nitrate 
and shows little action, though decidedly more than bromide. 
The differences between sodium and potassium salts have proved 
indecisive. 

Even in the most favorable experiments the great majority of 
eggs treated in the above manner merely undergo some change 
of form or show a few irregular cleavages and then die and disin- 
tegrate. Next day they are typically found dead, coagulated, and 
decolorized, with a few exceptions. Brief exposure to isotonic 
iodide and sulphocyanate solutions has in fact an effect upon the 
eggs essentially similar to that produced by weak solutions of 
fatty acids or other. membrane-forming substances. It is signifi- 
cant that after twenty-four hours the eggs in these cultures are 
typically free from pigment, indicating that the permeability 
has remained permanently greater than normal. The toxic 
effect of the treatment is, I believe, due essentially to the persist- 
ence of this condition of abnormally increased permeability. 
Cytolysis hence follows in course of time. 

Invariably the eggs treated with the pure and those treated 
similarly with the calecium-containing solutions present astrik- 
ing contrast. The above effects are in the great majority of eggs 
entirely prevented by the presence of calcium chloride in-the 
proportions named below. The eggs remain round and unaltered 
with a few exceptions, especially in sulphocyanate solutions— 
showing no sign of membrane-formation or change of form, and 
next day almost all remain living and on fertilization with sper- 
matozoa largely develop into normal larve. It should be added 
that the action of sulphocyanate is less completely counteracted 
by calcium than that of nitrate and iodide, though with all salts 
the above contrast is strongly marked. 
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That the calcium prevents the rapid increase of permeability 
caused by the pure solution may readily be proved. I have 
already described experiments of this kind.’ Eggs placed in 
pure sodium iodide or sulphocyanate solutions lose pigment 
rapidly, in nitrate solution more slowly—within several minutes, 
—and still more slowly in solutions of the other sodium salts. 
Calcium-containing solutions of the same salts, in which the same 
quantities of eggs have been placed, remain uncolored for hours, 
or in the case of the more weakly active salts for a day or more. 
In the pure solutions eggs are rapidly killed,’ i.e., lose the power of 
developing on fertilization; in calecium-containing solutions, on 
the other hand, they preserve their normal properties for greatly 
prolonged periods, varying in duration with the salts, according 
to the specific toxicity of the latter. The rapid increase in per- 
meability is thus prevented at the same time as the toxic action 
is diminished; hence the preservation of the normal properties 
of the protoplasm, i.e., the antitoxic action exercised by calcium, 
appears to be dependent on the maintenance of a normal or 
approximately normal state of surface-permeability. The cleav- 
age-Initiating action, with which is also associated a rapid increase 
of permeability, is similarly prevented by the calcium. The 
inference that the increase of permeability is the essential or crit- 
ical change in normal or parthenogenetic fertilization thus seems 
highly probable. 

Several years ago Loeb discovered that while only a few eggs 
at best developed to a larval stage after simple membrane-forma- 
tion by fatty acid or otherwise—the great majority dying early 
—the proportion undergoing favorable development was greatly 
increased by subsequent treatment with hypertonic or cyanide- 


8’ American Journal of Physiology, 1911, vol. 27, p. 289. 

® Different eggs vary in their resistance to the destructive action of pure isotonic 
solutions of neutral alkali metal salts. Unfertilized Arbacia eggs may survive 
several hours immersion in isotonic NaCl solution; Asterias eggs are killed com- 
paratively rapidly, while Strongylocentrotus eggs may remain living in this solu- 
tion for 48 hours (ef. J. Loeb: Biochemische Zeitschrift, 1906, vol. 2, p. 84). 
The relative ease with which parthogenetic development may be induced corre- 
sponds to this difference. Strongylocentrotus eggs are the least responsive (Loeb: 
Chemische Entwicklungserregung, p. 67), Asterias the most. 
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containing sea-water.!° This remarkable result, which he as- 
cribed to a modification of oxidation-processes in the egg, is seen 
also in eggs treated with isotonic iodide or sulphocyanate solu- 
tions, and, to a less extent, with nitrate or chlorate. The physi- 
ological basis of this profound change in the developmental cap- 
ability of eggs with artificially formed membranes is still largely 
obscure. That oxidations play a part seems clear from Loeb’s 
admirable experiments; I am inclined, however, to attribute also 
a fundamental significance to alterations of surface permeability. 
If the above view as to the nature of the primary change in fer- 
tilization be well founded, it is clear that the increased permea- 
bility resulting from the action of the membrane-forming agency 
can be only temporary if favorable development is to follow, since 
a prolonged loss of semi-permeability must lead to the cytolytic 
dissolution of the egg-protoplasm. In fact the dead eggs, after 
the above salt-treatment, are always found laked or depigmented 
on the next day, while the living eggs retain the pigment. The 
initial increase of permeability must thus under physiological 
conditions be temporary and not too lasting; hence the inference 
seems unavoidable that one essential effect of the after-treatment 
with hypertonic sea-water is to restore the normal permeability. 
This hypothesis is an almost necessary corollary of the foregoing 
considerations. The cytolytic action followingsimple membrane- 
formation and due apparently to the persistence of an abnormally 
increased permeability is in fact prevented by subsequent treat- 
ment with hypertonic sea-water or cyanide.! A demonstrable 
consequence of the after-treatment is thus to restore a normal 
condition of permeability, and that this is the essential action 
seems highly probable. I have discussed this possibility in an- 
other paper to which I refer those who may be interested in this 
question.” 

The following experiments will illustrate the foregoing general 
description. Unfertilized eggs of Arbacia were exposed for periods 
of five and ten minutes to (1) the pure salt solution and (2) the 
same solution plus a small proportion of ¥ CaCl,. Part of the 


10 Cf. Chemische Entwicklungserregung, chapter 8, p. 60. 
11 Cf. Loeb: loc. cit., chapter 10, p. 77. 
2 American Journal of Physiology, 1911, vol. 27, pp. 295, 304. 
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eggs thus treated were left in sea-water without further treatment ; 
a second part after a brief interval were transferred to hypertonic 
sea-water for thirty minutes, and then returned to sea-water; a 
third part were left for varying periods in sea-water containing 
stro KCN. 


TABLE 1 


July 6, 1910. Unfertilized eggs of Arbacia punctulata were divided into four equal 
lots in finger bowls, the sea-water was removed as far as possible, and solutions A, 
A(+Ca), B, B (+Ca) added respectively to each lot. After five minutes the eggs 
were returned to sea-water. Part 1 remained in sea-water, Part 2 were transferred 
after several minutes to hypertonic sea-water (250 cc. sea-water plus 25 cc. 2.5 M 
NaCl); and Part 3 were transferred after about ten minutes into sea-water contain- 
ing KCN to ,“\5 concentration, from which they were returned to sea-water after 
varying intervals. The results were as follows: 

A. Eggs in 250 cc. 0.55 Mm Nal for 5 minutes; thence transferred to sea-water. 
Further treatment as follows: 

1. Eggs left in sea-water. Almost all form membranes and undergo form- 
change or irregular cleavage. Next day the great majority are dead, coagulated, 
and depigmented. A few blastulae—two or three—found in several hundred eggs. 

2. Eggs left in sea-water 5 minutes; thence transferred to hypertonic sea-water 
for 30 minutes; returned to sea-water. A large proportion of eggs form active blas- 
tulae (ca. 50 per cent). 

3. Eggs left in sea-water 11 minutes; thence to ,“., KCN in sea-water; portions 
returned to sea-water after following intervals. 

a. 2 hours. A small proportion form blastulae. Decided increase over 1. 

b. 3 hours. A fair proportion of blastulae, more than in 3a though few com- 
pared with 2. 

c. 43 hours. Like 3b: a fair proportion of larvae. 

A(+Ca.) Eggs left for 5 minutes in 250 cc. 0.55 m Nal plus 15 ec. ¥ Ca Cle; 
thence to sea-water. Part left in sea-water, part treated with hypertonic sea- 
water. 

1. Eggs left in sea-water. Marked contrast to Al. Almost all eggs remain 
round, uncleaved, and unaltered. A small proportion undergo irregular change 
of form and break down. No larve. 

Next day, after 22 hours, the eggs were fertilized with spermatozoa; practically 
all developed into swimming larvae. 

2. Hggs left in sea-water 7 minutes; thence to hypertonic sea-water for 30 minutes; 
returned to sea-water. The great majority of eggs remain unaltered. A small 
proportion are broken down next day and a few feeble blastulae are present. 

On fertilization next day (after 22 hours) most eggs form larvae, but a smaller 
proportion than in Lot 1 swim at the surface of the water. 

B. Eggsin0.55m KCNS for 5 minutes; thence to sea-water. Three lots treated 
as follows: 

1. Egg left in sea-water. Almost all form membranes and undergo change 
of form or irregular cleavage. Next day almost all are dead, coagulated, and 
depigmented. A few blastulae; two or three found in several hundred eggs. 
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2. Eggs left in sea-water 5 minutes; thence to hypertonic sea-water for 30 minutes; 
returned to sea-water. A large proportion (ca. 50 peu cent) form active blastulae. 

3. Eggs left in sea-water 11 Ta ntes thence to ,M., KCN; thence to sea-water 
after the following intervals. 

a. 2hours. Blastulae few, but more than in Bl. 

b. S8hours. Blastulae more numerous than in a, but few as compared with B2. 

c. 4% hours. A small proportion of blastulae. 

B (+Ca). Eggs left for 5 minutes in 250 cc. 0.55 Mm KCNS + 15 ec. ™ CaCl. 
Thence returned to sea-water. Part left in sea-water, part treated with hyper- 
tonic sea-water. 

1. Eggs left in sea-water. Marked contrast to Bl. Great majority remain 
unchanged. A small proportion (more than in A (+Ca) 1) show membranes and 
irregular change of form; no larvae. _ 

After 22 hours eggs are fertilized: almost all develop normally; after 2 days the 
dish is full of vigorous plutei. 

2. Eggs left in sea-water 7 minutes; thence to hypertonic sea-water 380 minutes; 
returned to sea-water. Eggs are mostly unaltered next day, but the proportion 
broken down is higher than in the similar experiment with NaI. A considerable 
number of blastulae are formed. 

On fertilization after 22 hours most eggs form larve, but these are largely abnor- 
mal; few surface swimmers. 

Control experiments. Unfertilized untreated eggs remain unchanged. Fertil- 
ized eggs all develop normally. 


The above experiments show that brief exposure to pure isotonic 
sodium iodide or potassium sulphocyanate solutions has the effect 
of producing fertilization-membranes and initiating change of 
form or cleavage in the majority of eggs; but that if left in sea- 
water after such treatment nearly all die in an early stage of devel- 
opment; after eighteen hours such eggs appear broken down, 
coagulated and depigmented, proving the persistence of a condi- 
tion of increased permeability. Such persistence is in itself 
sufficient to account for the destructive effect of the treatment. 
On the other hand, if the eggs are treated, soon after return from 
the salt-solution to sea-water, with hypertonic sea-water for thirty 
minutes, a large proportion—in favorable experiments the great 
majority—form larvae, many of which swim actively at the sur- 
face of the water and develop into normal plutei. The rate of 
development of such larvae is fully equalto the normal. The early 
stages, however, always show certain characteristic abnormali- 
ties; the fertilization membranes are thinner than normal, the 
cleavage is usually irregular, and the blastomeres tend to have a 
more rounded form and to cohere less closely than in sperm- 
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fertilized eggs. These abnormalities can in all likelihood be 
largely removed by further experimentation. It is however 
searcely to be expected that any artificial treatment will produce 
such uniform results as natural. fertilization, since the uncon- 
trolled variables are necessarily more numerous in the former 
case. The essential facts are that the after-treatment with hyper- 
tonic sea-water prevents the otherwise resulting cytolysis—an 
effect due probably to a restoration of the normal conditions of 
permeability—and enables the eggs to continue their develop- 
ment to an advanced larval stage. Cyanide has a similar, though 
in my experience less favorable, action. 

Similar exposure to the calcium-containing solutions leaves the 
great majority of eggs essentially unaltered; after remaining 
twenty-four hours in sea-water they appear round and unaltered 
like normal untreated eggs, and on fertilization with spermatozoa 
develop normally. A certain small proportion, however, may 
form membranes under the influence of such solutions; this pro- 
portion is higher with sulphocyanate than with iodide. Thus 
the calcium does not completely suppress though it greatly checks 
the action of the iodide or sulphocyanate. Experiments on the 
permeability-increasing action of these salt solutions confirm 
this conclusion; pigment is slowly liberated in calcium-contain- 
ing iodide and sulphocyanate solutions (more slowly in the former 
than the latter), though the contrast to the rapid action of the 
pure solution is a striking one. Apparently in a small proportion 
of eggs the calcium-containing solutions may ‘effect an increase 
of permeability rapid enough to start development. 

Hence it is usually found that after-treatment with hypertonic 
sea-water produces a small proportion of larvae from such eggs. 
This proportion is of course much smaller than in eggs treated 
previously with the pure solution, but in the case of KCNS may 
be considerable. The majority of eggs, as already stated, remain 
unchanged, and on subsequent sperm-fertilization develop into 
larvee. It should be noted that the above hypertonic sea-water 
acting on normal unfertilized Arbacia eggs for thirty minutes has 
little or no action; a few eggs form membranes and a few un- 
dergo breakdown and an occasional larva may be formed, but the 
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vast majority undergo no apparent change and when fertilized 
next day develop into normal larvae. 

The calcium-containing solutions are thus not quite indifferent 
in their action. It is probably not possible to produce a com- 
pletely indifferent or ‘physiologically balanced’ salt-solution con- 
taining a high proportion of either of the above salts, though it 
is easier to obtain well marked antitoxic action with iodide than 
with sulphocyanate." It is well known that addition of appro- 
priate quantities of calcium, magnesium, and potassium salts 
to pure solutions of sodium chloride or bromide produces a prac- 
tically indifferent medium; but the specific toxicity of many salts, 
including the above, is too great to be thus fully counteracted. 
The case of Asterias eggs, in which brief exposure to pure isotonic 
sodium chloride solutions produces membranes and _ initiates 
development, illustrates the essential nature of the conditions 
perhaps more clearly than the above; addition of calcium chloride 
greatly checks the membrane-producing and _ permeability- 
increasing action of the pure solution, and with it the cleavage- 
initiating action, but further addition of magnesium and potas- 
sium salts, as in van’t Hoff’s solution, is required to produce a 
medium which is completely indifferent. 

Treatment with potassium iodide or sodium sulphocyanate, 
followed by hypertonic sea-water as above, gives similar results. 
The following experiments will illustrate. Eggs were placed for 
five minutes in each of the following solutions: (A) 0.55 Mm 
NaCNS, (B) a mixture of 250 ce. 0.55 mM NaCNS + 25 ce. 3 CaCl?, 
(C) 0.55 m KI, (D) 250 ce. 0.55 m KI + 25 ee.3 CaCl; they were 
then returned to sea-water. In each case part of the eggs were 
allowed to remain in sea-water; the rest were exposed to hyper- 
tonic sea-water for 30 minutes and then replaced in sea-water. 
Treatment with the pure solution alone (A and C) produced 
membranes in a majority of eggs, of which a small proportion (one 
in several hundred) formed blastulae; while of the eggs treated 
also with hypertonic sea-water the majority formed larvae, many 
of which swam vigorously at the surface and were apparently 
quite normal. Exposure to the calcium-containing solutions (B 


18 Cf. my results with ciliated cells: American Journal of Physiology, 1906, 
vol. 17, pp. 104, et seq. 
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and D) left the great majority of the eggs practically unaltered, 
as shown by absence of change (no larvae) and by normal develop- 
ment on fertilization with sperm next day; eggs after-treated as 
above with hypertonic sea-water also remained unchanged for 
the most part, but a small proportion yielded larvae—smaller 
than in the experiments of table 1, a difference due probably to 
the higher calcium-content of the solutions. In another series 
of similar experiments, in which potassium iodide and potassium 
sulphocyanate were compared, the same result was obtained, In 
this series also the action of the sulphocyanate was less completely 
inhibited than that of the iodide by the presence of calcium. 
Treatment with hypertonic sea-water after the caletum-containing 
sulphocyanate solution gave a considerable number of larvae, 
though few compared with those obtained with the pure solution 
followed by hypertonic sea-water. 

Results similar to the above were obtained in ten other series 
of experiments with sulphocyanate and iodide solutions. With 
sodium and potassium nitrate and sodium chlorate a similar 
increase in the proportion of developing eggs followed after- 
treatment with hypertonic sea-water; but the effect was less pro- 
nounced, and the proportion of larvae was never high. Nitrate 
was more favorable than chlorate. Hypertonic sea-water thus 
has well-marked action only when the initial treatment with the 
isotonic salt solution has produced a decided change in the eggs. 

Time-relations of the above treatment. It was found that the 
after-treatment with hypertonic sea-water produced the most 
favorable results if the eggs were brought into this medium within 
a fairly definite interval—from ten to fifteen minutes—after the 
treatment with isotonic salt-solution. This is illustrated by 
table 2. 

These experiments indicate that the most favorable interval 
between the return from the salt solution to sea-water and the 
exposure to the hypertonic sea-water is from ten to fifteen minutes ; 
an interval of twenty minutes seems already above the optimum; 
other experiments in which the interval was shorter—five to seven 
minutes—gave somewhat fewer larvae than in Experiments 1 and 
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TABLE 2 
August 22,1910. Eggs were exposed to0.65 m KCNS for & minutes, then returned 
to sea-water, and after the following intervals transferred to hypertonic sea- 
water in which they remained 30 minutes. The results were as follows: 


INTERVAL BEFORE 
NO. TRANSFER TO HYPER- RESULT 
TONIC SEA-WATER 


minutes 
tootsie Re ae 10 From one-half to two-thirds of the eggs form 
| larvae; many vigorous surface-swimmers 
Dee By Ae 20 Also shows a large proportion of active larvae 
though apparently fewer than in Experiment 
Bieter hee Pa kcm igs 30 Decidedly fewer larvae than in experiments 


1 and 2; about 5 per cent of the eggs form 
larvae; a good many surface-swimmers 
LARA aidan SPEYS 40 Still fewer eggs form larvae—ca. 1 per cent; 
a few surface-swimmers 


~ 


2 of table 2, though the proportion was still high.“ It is clear that 
during the period succeeding the return from the salt-solution to 
sea-water the egg undergoes a progressive series of changes of 
such a kind that the favorability of the response to the hypertonic 
sea-water undergoes decided decrease after the lapse of a certain 
interval, which, in these eggs, appears to be about fifteen or twenty 
minutes at normal summer temperature (20° to 22°). The nature 
of these changes can at present only be inferred; but if we accept 
the view proposed above that the effect of the hypertonic sea-water 
is to bring the permeability—which has been increased by the salt- 
solution—again toward normal, the conditions become partly 
intelligible on the assumption that the initial state of increased 
permeability cannot be prolonged beyond a certain period without 

14 Loeb’s experiments (with Moore: loc cit., pp. 78, 79) also show that too long 
an interval must not be allowed to elapse between membrane-formation and trans- 
fer to hypertonic sea-water. The time-relations in these experiments were, how- 
ever, decidedly different from the above. Eggs brought into hypertonic sea-water 
two hours after membrane-formation showed a high proportion of favorable 
development. The difference, I believe, is to be explained as due partly to the 
more resistant character of Strongylocentrotus eggs, and partly to the fact that 
the temperature of the sea-water in Loeb’s experiments was low (12°). The favor- 
able interval between membrane-formation and exposure to hypertonic sea-water 


would undoubtedly be several times shorter at a temperature 10° higher, as in my 
experiments described above. 
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injury to the egg. In normal fertilization the evidence indicates 
that the condition of increased permeability lasts for a certain 
time—roughly fifteen minutes—after the contact of the sperma- 
tozoon, and is then succeeded by a period of normal permeability 
(like that of the unfertilized egg) which lasts until the appear- 
ance of the cleavage furrow about half an hour later. If the varia- 
tions in the state of permeability could be graphically represented 
by a curve (with degree of permeability as ordinates and time as 
abscissae) the latter would probably rise rapidly immediately after 
the contact of the spermatozoon and fall again toward normal 
soon after the spermatozoon had completed its entrance; it would 
then tise again temporarily at the time of the first cleavage, and 
similarly with each succeeding cleavage. Presumably any par- 
thenogenetic treatment—if the best results are to be attained— 
should approach the normal in the time-relations of the permea- 
bility-changes which it produces. 

The optimum duration of the exposure to hypertonic sea-water 
after membrane-formation by salt solutions is about twenty-five 
or thirty minutes at normal summer temperature (20° to 23°); 
twenty minutes is too brief and thirty-five minutes too long. 
If we assume that the next sudden change in external conditions, 
the transfer from hypertonic to normal sea-water, momentarily 
increases permeability, we should expect that the closest approach 
to the normal conditions would be obtained if the time of this 
transfer were to coincide with the time when the permeability 
normally undergoes a second increase, 1.e., the time of appearance 
of the first cleavage-furrow. The above time-relations indicate 
that this is the case, and the agreement may be more than a mere 
coincidence. ‘These considerations suggest that the processes 
occurring in the egg during the stay in hypertonic sea-water are 
essentially similar, both in rate and character, to those taking 
place in normally fertilized eggs during the half-hour preceding 
the appearance of the cleavage-furrow. That they are largely 
oxidative in their nature is indicated by Loeb’s experiments, which 
show that the hypertonic sea-water must contain oxygen if it is 
to produce its characteristic effect. 


18 Cf. my recent paper on the present subject, American Journal of Physiology, 
1911, vol. 27, p. 295. 
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The faet that the optimum duration of exposure to cyanide- 
containing sea-water is much longer than thirty minutes—in 
fact, several hours—may seem inconsistent with this interpreta- 
tion. Cyanide, however, produces its effect by checking oxida- 
tions and so slowing the entire metabolism of the egg. Hence it 
is not surprising that the chemical processes within the egg proceed 
too slowly in cyanide-containing sea-water to impair the develop- 
mental power, even after a stay of some hours. In hypertonic 
sea-water, on the contrary, oxidations continue unchecked, as 
Loeb as shown; and the condition of the egg undergoes progres- 
sive change of such a kind that return to sea-water within a com- 
paratively brief interval is necessary if normal development is 
to continue. If the oxidations are suppressed during the stay 
in hypertonic sea-water the latter has little or no action; the 
injury normally resulting from a too prolonged exposure to this 
medium is also prevented. 

It should not be overlooked, in considering the mode of action 
of hypertonic solutions, that they appear to increase the rate of 
oxidations in the egg;!7 and although they may do this indirectly 
by altering permeability, there is no direct evidence as yet that 
this is the case. Loeb has found hypertonic sea-water ineffective 
in the absence of oxygen or in the presence of cyanide,!* and 
concludes that the alteration in rate and character of intracellular 
oxidations is the essential change involved. But just how hyper- 
tonic sea-water can modify oxidations remains obscure. The fact 
that it checks or prevents the cytolysis which otherwise succeeds 
the temporary treatment with pure salt-solution has been inter- 
preted above as indicating an action on permeability essentially 
similar to that exerted by calcium in antitoxic action; but I have 
been unable as yet to produce the effects of hypertonic sea-water 
by the use of sea-water containing an increased proportion of 
calcium or magnesium. I have elsewhere adduced evidence 
indicating that anaesthetic or narcotic action is essentially a 
consequence of a decrease in the normal permeability.® If this 


16 Loeb: Chemische Entwicklungserregung, pp. 51 seq. 

17 Warburg: Zeitschrift fiir physiologische Chemie, 1908, vol. 57, p. 1. 

18 J. Loeb: Chem. Entw., also Biochemische Zeitschrift, 1906, vol. 1, p. 183. 

19 Cf. American Journal of Physiology: 1909, vol. 24, pp. 14, 459; ibid., 1910, 
vol. 26, p. 114. At least a decreased susceptibility to increase of permeability must 
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be true it might be expected that weak solutions of anaesthetics 
could be substituted for hypertonic sea-water. Experiments now 
being conducted (June 1911) indicate that this is in fact the 
ease with starfish eggs. Loeb has found chloral hydrate—a 
typical anaesthetic—to have an action on the eggs of Strongyl- 
ocentrotus, after artificial membrane-formation, similar to that 
of potassium cyanide.?° This fact accords with the foregoing 
interpretation. My experiments of this summer (1911) are at 
present too incomplete for further description. 


THEORETICAL 


According to the view put forward in the present and preceding 
papers alterations in the permeability of the limiting membranes 
of the cell are events of critical importance in the process of 
cell-division. An important controlling or directive réle is thus 
ascribed to the membranes; it remains to consider more fully the 
manner in which changes in the permeability of these structures 
can be the condition of changes so extensive as those concerned 
in cell-division and development. 

Development in all cases involves the transformation of a 
quantity of inert or non-living material into the characteristically 
organized and active adult animal or plant. It is thus largely 
a matter of definitely directed constructive metabolism. Since 
mitotic cell-divisions are intimately associated with the develop- 
mental process in all metazoa, one of the first steps in the investi- 
gation of the physiology of development must be to determine the 
nature of the metabolic processes in mitosis and of the conditions 
controlling them. 


be assumed. Thus Arenicola larvae brought from sea-water into pure isotonic 
NaCl solutions contract strongly, while at the same time the cells rapidly lose 
pigment. If, on the other hand, the organisms are brought from sea-water into 
isotonic magnesium chloride or sulphate solution, all contraction ceases and the 
animals remain rigid and extended, with no sign of muscular movement or loss of 
pigment; i.e., a typical anaesthetic action is seen. If the larvae, after an interval 
of some minutes, are then transferred to pure NaCl solution, no contractions, or 
at most very slight ones, result and there is no loss of pigment. In other words, 
the susceptibility to stimulation and increase of permeability is greatly decreased 
by the magnesium salt. The same is true of chloroform and ether in appropriate 
concentrations. 
20 J. Loeb: Chemische Entwicklungserregung, p. 70. 
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The question which I propose briefly to discuss in this section 
of the present paper is as follows: What relations can alterations 
in the permeability of the cell-membranes have to the mitotic 
process? Perhaps the most evident answer to this question, and 
one probably in large part correct, is the following: since (1) cell- 
division typically involves growth, which implies the incorpora- 
tion of surrounding food materials, and since (2) the plasma-mem- 
brane during the resting condition of the cell appears virtually 
impermeable to many diffusible substances essential to the cell, 
such as sugars, amino-acids, and neutral salts, periods of increased 
permeability are necessary in order to provide for the ready en- 
trance of outside materials into the cell. The increase in the per- 
meability of the nuclear membrane, leading typically to complete 
dissolution of this structure, is necessary to permit of free inter- 
change between nuclear and cytoplasmic regions.22 In general, 
increased permeability of the membranes facilitates or perhaps 
for the first time renders possible transfer of certain materials, 
particularly those normally kept apart by the membranes, be- 
tween the regions thus separated. 

The import of dissolved food-materials, however, like the sep- 
aration of dissolved substances in secretion (e.g., urea by the 
kidney), is not a mere matter of passive diffusion, but requires 
the performance of work; so that the simple assumption of an 
increase in permeability is insufficient entirely to account for the 
conditions. The nature of the active processes concerned in ab- 
sorption and secretion is still unknown; they are in all likelihood 
essentially the same in both functions; and from the analogy to 
other physiological processes in which the cell expends energy it 
seems probable that the production of differences of electrical 
potential between the surface layers and the interior of the cell 
is a fundamentally important factor. The view has, in fact, been 
entertained that cataphoresis plays a part in absorption,” al- 
though the experimental basis for this view is still inadequate. 


21 Compare Conklin: Journal of the Academy of Natural Sciences of Philadel- 
phia, 2d series, vol. 12, 1902, part 1; pp. 45 seq. 

22 For the first time by Engelmann: Archiv fiir die gesammte Physiologie, 
1872, vol. 6, p. 97. Cf. also Waymouth Reid: Journal of Physiology, 1901, vol. 
26, p. 436, and Héber: Archiv fiir die gesammte Physiologie, 1904, vol. 101, p. 
607. 
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There is, however, the following possibility to be borne in mind; 
if the changes of potential between the exterior and the interior of 
the cell, e.g., in the action-current, are due to alterations in the 
electrical condition of the cell-surface consequent on increased 
ionic permeability of the boundary layer—as the membrane theory 
supposes,—it ‘is demonstrable that steep potential-gradients will 
momentarily exist between the superficial and internal regions 
of the cell at times of sudden increase in permeability ;* this con- 
dition may be an important or even main factor in the transport 
of material through the cell, either in absorption and secretion, 
or in mitosis. 'The phenomena of mitosis, indeed, appear particu- 
larly significant from a physiological standpoint because of their 
furnishing strong indication that potential-gradients between the 
interior and the exterior of cells do in fact exist at certain periods, 
which are presumably periods of increased permeability. The 
radiations accompanying the process have the disposition of the 
electrical lines of force; they may be‘distorted or displaced, when 
once formed, by mechanical or other means, but in general the 
resemblance is unmistakable. If this point of view can be sub- 
stantiated for mitosis, the significance of electrical forces in absorp- 
tion and secretion, and probably in metabolism generally, will 
appear in a new light, since in mitosis all of these processes are 
concerned. 

The significance to be attached to alterations of membrane- 
permeability in mitosis is thus, according to the above consider- 
ations, of a twofold nature: (1) the facilitation of interchange 
across membranes, and (2) the production, between different 
regions of the cell, of electrical potential-differences which play 
a direct part in the transport of material, besides being respon- 
_ sible for the characteristic radiations and spindle-formation. 

The view that the mitotic figure with its astral radiations and 
spindle fibers is the expression of electrical potential-differences 
between the superficial and internal regions of the cytoplasm, and 
between cytoplasmic and nuclear areas, is one which I have advo- 
cated for some time. The chief difficulty under which such a 
view has hitherto labored is that of accounting for the existence of 


23 Cf. my paper in Biological Bulletin, 1900, vol. 17, pp. 207, 208; also American 
Journal of Physiology, 1910, vol. 26, pp. 128, 129. 
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such potential-differences. Granting that they exist, the radia- 
ting and spindle-shaped disposition of the colloidal material in 
the cell is readily understood, for colloidal particles in an elec- 
trical field must be affected similarly to other polarizable particles, 
and dispose themselves end to end along the lines of force, analo- 
gously to iron filings in a magnetic field. I propose to show that 
on the assumptions (1) that each semi-permeable membrane in 
the cell (nuclear membrane and plasma-membrane) is the seat 
of a potential-difference due to unequal permeability to anions and 
cations, and (2) that this potential-difference depends on the semi- 
permeable condition of the membrane and diminishes or disap- 
pears with marked increase in ionic permeability, it is possible 
to account for the existence of electrical fields within the cell 
having the characteristics requisite to produce the observed 
effects. All that will be attempted in the following pages, in 
fact, is to apply the membrane-theory of bioelectric processes to 
the case of the dividing cell. 

This theory, which originated in a suggestion of Ostwald?4 
and was first applied in detail to the bioelectric phenomena by 
Bernstein,2> who has been followed by Briinings, Hober, and 
others,?° is briefly as follows. In general any membrane, differ- 
ing in its permeability to ions of opposite sign, and interposed 
between two electrolytic solutions of dissimilar concentration 
(or composition), must be the seat of a potential-difference; i.e., 
the two surfaces will have different potentials due to separation 
of oppositely charged ions at the membrane, since the more pen- 
etrating ion will traverse the membrane more freely and impart 
its charge to the layer of solution in contact with the opposite 
face. Such a potential-difference will persist so long as the in- 
equality of concentration and of permeability to the two sets of 
ions remains unchanged. Equalization of the concentration- 
difference, as by gradual diffusion, will abolish the potential- 
difference; alteration in the permeability of the membrane, so 


24 Ostwald: Zeitschrift fiir physikalische Chemie, 1890, vol. 6, p. 71. 

25 Bernstein: Archiv fiir die gesammte Physiologie, 1902, vol. 92, p. 521. 

26 Briinings: Archiv fiir die gesammte Physiologie, 1903, vol. 98, p. 241, and vol. 
100, p. 367; Héber: Archiv fiir die gesammte Physiologie, 1904, vol. 101, p. 607, 
also Physikalische Chemie der Zelle und der Gewebe; further references here. 
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that both ions then pass with equal readiness, will have a similar 
effect ;27 such an effect will follow any marked general increase in 
the ionic permeability of the membrane, since the selective per- 
meability to different ions will then tend to disappear. If we 
take a limiting case and suppose that the membrane is freely per- 
meable to one ion of the electrolyte, e.g., the cation (hydrogen- 
ion) of an acid, and completely impermeable to the anion, the 
surface adjoining the solution with the lower H-ion concentra- 
tion will be positive relatively to the other surface; if the con- 
centrations be known, the potential-difference can be calculated 


from Nernst’ ay Oe me 
rom Nernst’s equation, a ap ae 


difference between two adjoining unequally concentrated solu- 
tions of any electrolyte with ions of unequal velocity; in the pres- 
ent case, since v=o, the potential-difference will be equal to 
R fe C2 


Fr In a 


Ce ; 
In ar for the potential- 
1 


This formula is identical with that expressing the factors deter- 
mining the potential-difference between any ion-liberating surface, 
e.g., a metallic plate, and the solution, e.g., of its own salt, in con- 
tact with it.22 Such a membrane in fact acts essentially as an 
ion-liberating surface, freeing ions (H-ions) with a certain solu- 
tion-tension; it may thus play the same part as one of the 
ion-liberating surfaces (usually surfaces of metallic plates) in a 
galvanic battery. The same theory thus applies to the conditions 
under which potential-differences arise in a system containing 


27 The potential-difference in this case will fall to that existing between adjoin- 
ing solutions of the electrolyte unseparated by a membrane. 

28 In this formula Z denotes the potential-difference in volts, & the gas constant, 
T the absolute temperature, F the Faraday constant, 1.e., the number of coulombs 
of electricity carried by a gram ion (here assumed to be monovalent), wu velocity 
of cation, v of anion, In natural logarithm, cz ionic concentration of the stronger, 
c) of the weaker solution. The interposition of amembrane impermeable to anions 
of course reduces their velocity to zero. 

29 In such a case ¢ is the solution-tension with which the ions are liberated from 
the surface, c; the concentration of the ions in the solution. For a polyvalent 


Jesh WG 
metal the formula is 2 = —— In = n being the valence of the cation. 
Cj 
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such membranes as to the conditions in galvanic batteries.*° 
Bearing this principle in mind, we find that the electrical phenom- 
ena exhibited by living tissues, 1.e., systems in which electrolyte- 
solutions are separated by semi-permeable membranes—including 
those of stimulated muscle and nerve and dividing cells—lose their 
enigmatical character; they are special cases of phenomena long 
known to physical science and for which an adequate theory, due 
in its essential features to Nernst, has existed for some time. 
The indications that electrically polarized semi-permeable 
membranes play a fundamental part in vital processes are many 
and various. Cells are separated from their media by surfaces 
which are definitely semi-permeable. They also show a potential- 
difference against the medium, the demarcation-current potential, 
which has been repeatedly shown to undergo marked decrease 
when the surface-permeability increases, as at death or under 
the influence of cytolytic substances. Another proof of a surface- 
polarization, undergoing decrease with increase of permeability, 
is the well known fact that living cells are carried by an electrical 
current toward the anode, indicating that the cell-substance 1s 
negative, the adjacent water surface positive; when the cells die 
the rate of transport undergoes decided diminution.*! Again, 
electrical stimulation is a matter of ionic polarization, which can 
only occur at surfaces difficultly and unequally permeable to 


20 The type of membrane investigated recently by Haber and Klemensiewicz 
(Zeitschrift fiir physikalische Chemie, 1909, vol. 67, p. 385) is one permeable only 
to the ions of water. Such membranes, e. g. thin layers of glass or benzol saturated 
with water, have properties that appear in many respects to answer more closely 
to the biological requirements. Changes in the acidity or alkalinity of one of 
the solutions separated by such a membrane, amounting to a few ten-thousandths 
normal, may, especially if both solutions are nearly neutral, produce changes of 
potential comparable to those observed in living tissues during stimulation. 
The effects of increased permeability would in such membranes be identical with 
those produced at membranes of the type imagined by Ostwald. The most 
striking peculiarity of these membranes is their sensitivity to changes in the re- 
action of the adjoining solutions in the neighborhood of the neutral point. The 
fact that protoplasm and its normal medium lymph are typically neutral acquires 
new significance from this point of view. The following considerations apply 
to either type of membrane. 

31 An observation communicated to me by my colleague at Woods Hole, Dr. F. 
H. Pike, of Columbia University. I have since confirmed this observation, using 
portions of Spirogyra filaments. 
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ions; this has been definitely and conclusively demonstrated by 
the work of Nernst, Lapicque, Lucas, and Hill; this theory is 
confirmed by the fact that during the stimulated state, when the 
membranes undergo increase in permeability, stimulation becomes 
difficult or impossible (refractory period); i.e., increase in the 
permeability of the plasma-membranes beyond a certain degree 
makes electrical polarization and hence stimulation, impossible ;** 
this, it may be pointed out, is the essential reason why ‘dead’ 
cells are non-irritable. The proofs that stimulation involves 
increase in permeability of the plasma-membrane are too numer- 
ous to detail here ;* electrical changes, as long known, are an inva- 
riable accompaniment of stimulation. All of these facts, with 
many others, indicate that the electrical condition of the boundary 
membranes of cells, i.e., of the semi-permeable plasma-membranes, 
is a matter of fundamental importance to vital processes, and 
that this condition is variable and dependent on the degree of 
ionic permeability of the membranes. 

I have recently brought these facts and considerations to bear 
on the problem of cell-division.*® Since free cells, like egg cells, 
show the same osmotic properties as muscle-cells, it is fair to 
assume that they possess the same electrical properties. Investi- 
gation indicates that this is in fact the case.*® On application 
of the Ostwald-Bernstein theory of the origin of the demarcation- 
current potential to the case of the dividing cell, the familiar 


32 Nernst: Archiv fiir die gesammte Physiologie, 1908, vol. 122, p. 275. La- 
picque: Numerous papers in Comptes rendus de la Société de Biologie and 
Archives de Physiologie normale et pathologique; cf. especially the latter journal, 
1908, vol. 10, p. 601. Lucas: various papers in Journal of Physiology; cf. vol. 36, 
1907, p. 253; vol. 37, 1908, p. 459; vol 39, 1909, p. 461; vol. 40, 1910, p. 225. Hill, 
ibid., vol. 40, 1910, p. 190. 

33 Cf. my paper in the American Journal of Physiology, 1909, vol. 24, pp. 17, 18, 
for a brief discussion of this point. Tait: Quarterly Journal of Experimental 
Physiology, 1910, vol. 3, p. 221, has brought forward evidence indicating that the 
duration of the refractory period is identical with that of the action-current. 
Both phenomena, on the present theory, are manifestations of the same essential 
change, viz., increase in surface-permeability. 

34 T have reviewed this evidence in American Journal of Physiology, 1909, vol. 
24, p. 14, and 1911, vol. 28, p. 197. Cf. also Science, 1909, vol. 30, N.S., p. 245. 

35 Cf. Biological Bulletin, 1909, vol. 17, p. 188. American Journal of Physiology, 
1910, vol. 26, p. 106. 

3 Cf. I. H. Hyde: Amer. Journ. Physiol., 1904, vol. 11, p. 52. 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 3 


718 RALPH §. LILLIE 


phenomena of the production of a system of cytoplasmic radia- 
tions and spindle-fibers appear in a new light. The arrangement 
of the colloidal material in dividing cells irresistibly suggests the 
figures due to polarization of suspended particles in electrical or 
magnetic fields, and this comparison has naturally been made by 
many. The hypothesis that electrical forces are actually con- 
cerned in these phenomena has, however, been accepted by few 
and with reservations, and alternative attempts at explanation 
have on the whole received more credence among biologists. 
As I have already remarked, the difficulty of accounting for the 
existence of potential-differences between different regions of the 
cells has been the chief obstacle to the acceptance of such views. 
This difficulty, since the rise of the ionic theory and the recog- 
nition of the part played by ion-liberating surfaces in galvanic 
cells, has, I believe, ceased to exist. It is only necessary to recog- 
nize that membranes unequally permeable to anions and cations 
may play a part essentially identical with that of the metallic 
surfaces in batteries. 

Evidence from many sides indicates that such membranes 
exist.” Furthermore, their existence is a necessary deduction from 
the ionic theory, which ascribes different diffusion-rates, different 
solubilities, and different velocities and powers of penetration tothe 
different ions arising from the dissociation of any electrolyte. I 
shall not therefore attempt further in the limited space at my dis- 
posal to justify the assumption that such membranes exist; this 
would be tantamount to justifying the ionic theory, which, in spite 
of certain apparent inadequacies which have been made the basis 
of sometimes violent attack, has today a stronger position than 
ever. Its fruitfulness, the criterion of value in any theory, is 
attested by the innumerable successful researches which have 


37 Cf. Ostwald: loc. cit.; Tammann: Zeitschrift fiir physikalische Chemie, 
1892, vol. 10, p. 255; Walden: ibid., p. 699; Bein: ibid., 1899, vol. 28, p. 439; Briin- 
ings: Archiv. fiir die gesammte Physiologie, 1903, vol. 100, p. 367; Schreber: 
Zeitschrift fiir physikalische Chemie, 1899, vol. 28, p. 79; Springmann: Annalen 
der Physik, 1896, vol. 51, p. 140. The phenomena of electrical endosmose also 
belong here in part. 
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been based upon it.** Its application to the phenomena exhibited 
by surfaces and by matter in the colloidal state has been especially 
illuminating.*® I shall assume, as in my former papers, that 
the plasma-membrane of any typical resting cell, like the egg-cell, 
is the seat of a potential-difference which is a function of its gen- 
eral impermeability to dissolved substances, including the major- 
ity of the ions normally present in protoplasm and its surroundings; 
it is further assumed that hydrogen-ions,—present in low con- 
centration in protoplasm in consequence of the dissociation of 
carbonic and other weak acids produced in metabolism,—having 
high velocity and penetrative power, can freely traverse the 
plasma-membrane. Whenever, therefore, as normally, the H-ion 
concentration is greater within the cell than in its medium, the 
membrane will exhibit an electrical polarization with outer 
surface positive. The chief polarizing electrolyte on this hypothe- 
sis is thus simply carbonic acid. Hydrogen-ions penetrate the 
membrane and enter the adjacent medium; the corresponding 
anions, being blocked in their diffusion by the membrane, are 
left behind; a typical electrical double layer is thus formed. The 
protoplasm, like (e.g.) a zine plate dipped in water, assumes a 
negative charge; there is a potential-difference across the surface, 
which, judging from the conditions in muscle, has an approximate 
value of 0.1 to 0.2 volt.*° 


88 Hven yet one hears doubts expressed among biologists as to the validity of 
the ionic theory. A good discussion of this topic is to be found in the paper by 
G. H. Lewis: ‘‘The use and abuse of the Ionie Theory,’’ Zeitschrift fiir physi- 
kalische Chemie, 1910, vol. 70, p. 212. 

39 For the general subject of the relations of ions to surfaces and to matter in 
the colloidal state, cf. Michaélis: Dynamik der Oberflichen, Dresden, 1909, and 
particularly Freundlich: Kapillarchemie. Leipzig, 1909. This treatise is a 
treasure-house of facts and principles of importance to biologists. 

40 T.have met several times with the objection that carbonic acid is too weak to 
account for the very considerable potential-difference (ca. 0.1 volt) which, judging 
from the demarcation current of muscle, appears to exist between the outer surface 
and the interior of the cell. I do not see the force of such objections. The poten- 
tial-difference is a function of relative concentrations on opposite sides of the demar- 
cation surface, not of absolute concentrations. The quantity of ions actually 
liberated from a surface which shows a high potential-difference from its surround- 
ings may be infinitesimal; e.g., take the case of a metallic plate like zine in contact 
with a normal solution of its salt; the quantity of metal passing into solution is 
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In a resting cell like the unfertilized egg there are two semi- 
permeable membranes, the plasma-membrane bounding the entire 
cell and the nuclear membrane bounding the inner surface of 
the cytoplasm. The cytoplasm between these surfaces is typi- 
cally homogeneous‘! and may hence be regarded as freely perme- 
able to diffusible crystalloid substances, including ions. This is 
indicated by the fact that diffusible coloring substances, like the 
pigment of Arbacia eggs, tend to become uniformly distributed 
throughout the cytoplasm, but meet with barriers at nuclear 
and plasma membranes; Héber has recently adduced physico- 
chemical evidence indicating that ions are free to diffuse within 
the cytoplasm, though they encounter marked resistance at the 
plasma-membrane.*2 The semi-permeability of both nuclear and 
plasma membranes is evidenced by the difference between the 
inorganic salt-content of the cytoplasm on the one side and of 
both external medium and nucleus on the other. Numerous other 
proofs for the essential semi-permeability of the plasma-mem- 
brane are well known; Macallum’s researches constitute the best 
proof for a similar condition in the nuclear membrane.“ The 


inappreciable; yet the P. D. is 0.51 volt. Particles of suspended quartz show a 
.P.D. against the water of 0.044 volt. Cf. Freundlich: Kapillarchemie, p. 234. 
It should also be noted that if the protoplasm serves in any way as a source of 
hydrogen-ions there will be a potential-difference at the surface even though the 
actual H-ion concentration within the protoplasm is extremely low. To account 
for the P.D. at the surface of the zine plate it is not necessary to assume that 
Zn-ions exist as such in the metal; all that is required is that the zinc which passes 
beyond the surface into the solution should be ionized. There is thus no necessary 
discrepancy between the present hypothesis and the view which regards proto- 
plasm as practically neutral in reaction. This, however, is demonstrably not 
always the case; contracting muscle (e.g.) may be distinctly acid to litmus, indi- 
cating a H-ion concentration exceeding 10-'n . 

“1 This statement relates particularly to cells about to Aaeaae by mitosis. Such 
cells typically lack ‘differentiation;’ i.e., the colloidal as well as the crystalloidal 
material usually shows a uniform distribution. Egg-cells with their stored masses 
of inert food material or yolk are frequent exceptions. 

* Hoéber: International Physiological Congress, September 1910; Archiv fiir 
die gesammte Physiologie, 1910, vol. 133, p. 237. 

48 Cf. Macallum: Ergebnisse der Physiologie, 1908, vol. 7, p. 552. Hamburger 
finds the nuclei of intestinal and tracheal epithelial cells decidedly less permeable 
to NaCl than the cell-bodies of the same cells; nuclei of other epithelia (bladder 
and oesophagus) are also impermeable to NaCl. Cf. Osmotischer Druck und 
Ionenlehre, vol. 3, pp. 8 seq. Roémkes finds the nuclei of liver cells similarly im- 
permeable (cf. Biochemische Zeitschrift, 1908, vol. 14, p. 254). 
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cytoplasm during rest, may therefore be regarded as an essen- 
tially homogeneous phase bounded externally and internally by 
a semi-permeable surface. 

What will be the electrical conditions in such a system? As 
already explained, each surface is to be regarded as permeable to 
H-ions, hence as corresponding to an ion-liberating surface, like 
that of a metallic plate immersed in an ionizing solvent like water. 
The conditions will hence be essentially as follows: Imagine a 
hollow zine sphere immersed in a solution of a zine salt and con- 
taining in its interior a second solution of zine salt (fig. 1). The 


Fig. 1. Representing in section a hollow zinc sphere immersed in zinc sulphate 
solution and containing the same solution in its interior. The orientation of the 
double layers is shown. The metal is uniformly negative, the adjoining solution 
positive. The analogy to the conditions in the resting cell is obvious,—7. e., 
there are two concentric electrically polarized surfaces separated by a homo- 
geneous conducting medium. 


two surfaces correspond to the two semi-permeable surfaces in 
the cell; at each surface zinc ions will tend to pass into the solu- 
tion with a pressure depending on the solution-tension of the zinc 
and on the concentration of zine ions in the adjoining solution. 
There will thus be a potential difference at each surface calculable 


Jed Mae 2 
from the formula: H = oF ln = ; the only possible condition of 
; , 


equilibrium however will be that these two potential differences 
should be equal, since if one surface of the zinc be at a higher 
potential than the other, electricity will pass through the freely 
conducting metal to equalize the potentials.“* The potential- 


44 The case is obviously different from that of a concentration-cell in which two 
metallic plates are immersed in unequally concentrated solutions of a salt of the 
metal, and the two solutions freely communicate. In the above system the two 
surfaces are in metallic connection but the solutions are separated by an impermeable 
partition. If the partition were rendered permeable to ions, e.g., by boring a 
hole through the sphere, thus placing the two solutions in communication, a typi- 
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difference at each surface will be the geometrical mean of that 
which either surface would show if the metal were in contact with 
only the one solution.4* The metal will necessarily be isoelec- 
tric, i.e., of the same potential in all its parts (outside of the 
double layer itself); this potential will be negative by a certain 
value (equal to 0.51 volts for zinc in contact with a normal solu- 
tion of zine sulphate) in relation to both solutions in contact 
with the metal. This corollary is especially important from the 
present point of view, because it means that the central enclosed 
solution is positive in relation to the metal enclosing it. 

Now the cell—considered from the electrochemical point of 
view as a system with two concentric semi-permeable membranes 
bounding a solution which in virtue of its slow oxidations is con- 
tinually freeing carbonic and other acids and hence H-ions—must 
exhibit conditions essentially similar to the above. The seat of 
these oxidations is the cytoplasm. The region enclosed by the 
nuclear membrane must thus represent a region of higher poten- 
tial than the adjacent cytoplasm, i.e., is positive relatively to 
the latter;° the same is true of the solution in contact with the 
surface of the cell. The persistence of such conditions depends 
on the semi-permeable character of the limiting layers or mem- 


cal concentration-cell would be the result, and zinc ions would be deposited from 
the stronger solution and pass into the weaker while anions simultaneously by dif- 
fused from the more to the less concentrated solution until the two were equalized. 
Impermeability to anions is the essential characteristic of the space separating 
the two solutions in the above system as also of the space bounded by the semi- 
permeable membranes in the cell. 

4 The grounds for this conclusion will be found in Michaélis’ treatment of the 
case of asolid substance in contact with its saturated solution; this case is analogous 
to the above inprinciple. Cf. Dynamik der Oberflichen, p. 57. 

46 Tt is evident that this view assumes that the H-ion concentration within the 
nuclear membrane is less than that outside, i.e., in the cytoplasm. Such a view 
implies that the oxidative metabolism in the resting cell—and hence the produc- 
tion of carbonic and other acids yielding the H-ions—is essentially confined to 
the cytoplasm. The conditions in active tissues like muscle support this concep- 
tion;in fact, the characteristic activities of cells are in general cytoplasmic 
activities; nuclei are relatively uniform in their characters. Hence the above 
assumption appears to be in accordance with the general facts of physiology. The 
question is difficult to decide by direct experiment, though possibly the use of 
indicators capable of penetrating both nucleus and cytoplasm without injurious 
action might yield valuable results. It should be borne in mind that oxygen, in 
order to reach the nucleus, must penetrate a layer of cytoplasm containing 
reducing substances. 
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branes, i.e., their essential impermeability to anions. Increase 
in the ionic permeability of the membranes must thus alter the 
electrical conditions in such a system, by altering the potential- 
difference across the surfaces concerned. The effect of such a 
change would be essentially the same as if in the above metallic 
model the solution-tension of the metal were to change. 

One difference between the two analogous systems thus com- 
pared must here be emphasized, since upon it an essential part of 
the following physico-chemical interpretation of certain features 
of mitosis is based. In the metal inequalities of potential are in- 
stantly equalized. Alteration of the potential-difference at the 
surface, as by changing the concentration of the adjoiming solu- 
tion, must produce simultaneously an alteration of the potential 
throughout the whole metal, since electricity in metallic conduc- 
tors moves with a velocity which, in relation to the distances 
involved in the case under consideration, is practically infinite. 
It is otherwise with a system consisting of an electrolyte solution 
bounded by membranes, like the cell. In this case an alteration 
of the surface potential-difference does not involve immediate 
alteration of the potentigl in the interior of the solution at a dis- 
tance from the membranes, since electricity is conveyed in such 
a system only by the slowly moving ions;*’ hence an appreciable 
time must elapse before the solution is again isoelectric; during 
this period there will be a potential-difference between the surface- 
layers and the interior; the potential-gradient may have a very 
considerable slope, depending on the original potential-difference 
across the surface and on the distance between the membranes. 
If, as seems probable, ionic movement be slower in protoplasm than 
in simple aqueous solution this potential-difference may persist 
for some time; i.e., there will be an electric field within the cell 
during this interval.“ To take a simple case: let fig. 2 represent 


47 The rate of ionic travel in protoplasm is of course unknown. It seems likely 
that it is slower than in simple aqueous solution because of the viscosity of the 
medium and the presence of colloids which adsorb or bind the ions and so limit 
their mobility. Cf. footnote 49. 

48 It should be remembered that there is direct experimental evidence that poten- 
tial-differences, arising essentially in the manner described, i.e., by changes in 
the electrical polarization of a membrane separating two solutions, may be of 
considerable value and may persist for some time. I refer to the so-called polari- 
zation currents obtained from a membrane, through which an electrical current 
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a cell of the dimensions of an Arbacia egg (0.072 mm.) ; the nucleus 
is omitted from consideration to bring the conditions to their 
greatest possible simplicity. If the original surface potential- 
difference in the resting cell A be placed at the probable value of 
0.1 volt, and it be assumed to fall suddenly to 0.05 volt as a result 
of increased ionic permeability (fig. 2, B), there will temporarily 
exist a potential-difference of 0.05 volt between the surface- 
layer and the interior of the cell; the gradient between the center 
and the periphery, a distance of 0.036 mm., will be ca. 14 volts 


| Potential 


Uniform 


A 


Fig. 2. A illustrates the conditions during the resting state. The plasma 
membrane is the seat of a potential-difference of ca. 0.1 volt with outer surface 
positive. The cytoplasm, within the double layer, is isoelectric, 7.e., the poten- 
tial is uniform throughout. In B the membrane is supposed to have undergone 
decided and sudden increase in ionic permeability so that the surface polarization 
is diminished by 0.05 volt. Ions are then free to travel to equalize the potential- 
difference, and a gradient exists at first between superficial and central regions 
as represented. The fall of potential over this distance 0.036 mm. will at first be 
0.05 volt, i.e., ca. 14 volts per centimeter. 


per centimeter. If we take the nuclear membrane also into con- 
sideration and assume an equal increase in permeability to occur 
simultaneously in both, the consequences will be essentially the 
same except that two oppositely oriented electrical fields will 
arise temporarily in the space between the membranes. It is 
to be noted that the regions most remote from the membranes 
will retain their original negativity longest. There will thus be 
a region of greatest negativity intermediate between the two mem- 
branes; from this region the potential will rise on either side toward 


has been passing, for a certain time after the polarizing current has been broken. 
The same phenomenon, as is well known, is shown by living tissues, as muscle or 
nerve; dead tissues show it to a relatively slight degree. 
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the region adjoining the membranes where it will be highest. 
This condition can of course be only temporary since ions are 
free to diffuse through the cytoplasm. It is supposed, on the 
present theory, that it persists for a sufficient length of time to 
produce well marked effects.** 

We are now in a position to apply the above principles in inter- 
pretation of the radiations and spindle-figure of dividing-cells. 
I shall consider only the most general and constant phenomena of 
mitosis, neglecting individual variations, and shall offer a physico- 
chemical-analysis of the conditions at a time when the mitotic figure 
is fully formed (metaphase). The radiations at this time centre 
toward two definite areas one on either side of the nucleus. Of 
those which immediately adjoin the nuclear region, two sets are 
ordinarily distinguishable, (1) the spindle-fibers which show a 
definite curved course, with concavity toward the cell-axis, 
similar to the lines of force between opposite electric or magnetic 
poles, and (2) the mantle-fibers which have a more external posi- 
tion, show a straighter course, and tend to diverge. The remain- 
ing radiations spread out from each astral centre in all directions 
toward the periphery of that half of the cell. If we regard the 
fibers as indicating with a fair degree of accuracy the direction 
of the electrical lines of force, we see here distinct evidence of the 
existence in each half of the cell of two oppositely oriented electri- 
eal fields. For reasons that will be apparent shortly, the periph- 
eral regions of the cytoplasm are to be regarded as positive rela- 

“9 T may cite here two quite independent investigations indicating that the rate 
of ionic movement in protoplasm may be much less than in ordinary solution. 
Girard has found that the diffusion-rate of electrolytes through membranes which 
are the seat of an electrical polarization is much slower than through the same 
membranes in the unpolarized condition. If this be a general rule, it would 
apply to the case of ions moving along potential-gradients in the cell. Cf. Girard: 
Archives de physiologie normale et pathologique, 1910, vol. 12, p. 471. Again, 
Keith Lucas concludes, from the differences in the excitation rate of various excit- 
able tissues, that the ions concerned in the polarization resulting from electrical 
stimulation must move at vastly different rates in the different cases. The facts 
indicate that the ionic movement is 4000 times as rapid in a highly excitable tissue 
like the ‘substance @’ of the frog’s sartorius, as in the ventricular muscle of the 
same animal. If such a range of ionic velocities exists in different tissues, it is 
clear that in some the movement must be extremely slow. Possibly this condition 


is distinctive for dividing cells, which show an even slower rate of response than 
ventricular muscle. Cf. Journal of Physiology, 1910, vol. 40, p. 224. 


726 RALPH S. LILLIE 


tively to the regions toward which the radiations converge; the 
nuclear region is positive also. The lines of force in closest prox- 
imity to the nucleus are thus curved sharply toward the latter 
and in their aggregate show a spindle-form. Others on the 
‘nuclear side show less departure from the straight radiating course 
of the great majority; a certain number, intermediate in position 
are less strongly developed and show a less well defined course, 
peculiarities probably due to their being under the influence of 
both fields which partly counteract each other’s action. 

As to the origin of these two fields,—they arise, on the present 
hypothesis, in consequence of simultaneous and similar changes 
in the electrical polarization of the two boundary surfaces of the 
cytoplasm, due to alterations in the ionic permeability of the 
membranes. Let us assume the primary change to be a rapid 
and decided increase in the ionic permeability of the plasma- 
membrane.’® This increase of permeability is assumed to be 
not uniform and simultaneous over the entire surface of the cell 
but to be most marked and most rapid over two extensive areas 
(e.g., between A and B, C and D, fig. 3) at the opposite sides of 
the cell adjoining the polar axis. It seems necessary to assume 
this definite localization of the areas of markedly increased perme- 
ability because of the characteristic and symmetrical bipolarity 
of the mitotic figure. If membranes are concerned in the process, 
a corresponding symmetrical and bipolar alteration of these struc- 
tures must be assumed. There is at present no definite and 
independent evidence that this is the case; but the assumption 
seems justifiable since it involves merely the extension of the 


50 The question as to whether under normal conditions the nuclear or the plasma 
membrane is the first to undergo increase of permeability 1s probably to be an- 
swered differently in the different cases. In the majority of dividing cells the radia- 
tions appear to originate near the surface of the nucleus, typically at points where 
the nuclear membrane begins to break down, i.e., where its permeability first unde- 
goes decided increase. This indicates that the primary change is frequently, 
perhaps usually, at the nuclear membrane. On the other hand, in artificial par- 
thenogenesis or normal fertilization the primary action is on the plasma-membrane. 
The essential principle is that alteration of the potential-difference at the one 
membrane involves a similar alteration at the other. The case is analogous to 
the stimulation of one muscle or nerve by the action-current of another—stim- 
ulation signifying increase in the permeability of the limiting membranes. 
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general biological conception of an essentially bipolar organiza- 
tion in dividing cells so as to include the physico-chemical prop- 
erties of the plasma-membrane. The increase in permeability 
must be sufficiently rapid and marked to produce a consider- 
able fall in the potential-difference across the surface. On 
account of the interdependence of the two potential-differences 
at nuclear and plasma-membranes, a similar fall of potential 
must occur at the nuclear membrane. The latter change produces 
an increase in permeability®! and is possibly responsible for the 


Fig.3 In this figure the probable position and orientation of the gradients at 
the metaphase stage are indicated. The general disposition of the radiations is 
like that seen in the living sea-urchin egg. The + and — signs indicate the re- 
gions of highest and lowest potential in the several fields. The dotted lines repre- 
sent electrical lines of force, corresponding to the paths of the diffusing ions. 
Several negative signs are crowded into the centers to indicate that the current 
density would be greatest there. The membrane over the equatorial regionis 
supposed as yet to have undergone little or no depolarization. 


dissolution of the membrane which shortly follows. The condi- 
tions are then essentially as represented in fig. 3. 

The peripheral layer of cytoplasm and the central nuclear area 
are, for a time, positive, relatively to the adjoining regions. In 
each hemisphere a potential-gradient will exist between the posi- 
tive areas adjoining the two depolarized membranes and the 
region midway between the two which retains its original nega- 


5t The facts of electrical stimulation, particularly Pfliger’s law of cathodal 
stimulation on the make and anodal on break of the current, indicate that the 
permeability of the plasma membrane depends on its condition of electrical polar- 
ization, and that depolarization, whether partial or complete, involves an increase 
in permeability. The stimulating action of the electrical current depends on this: 
ef. my paper on the general conditions of stimulation in the American Journal 
of Physiology, 1908, vol. 22, pp. 77 to 80. Recently Girard has shown that elec- 
trically polarized membranes are in fact much less permeable to electrolytes than 
the same membranes when unpolarized. (See note 49.) 
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tivity the longest. The time during which this gradient will 
persist will be that required for the diffusion of ions to equalize 
the potentials. This diffusion is probably slow in the viscous 
protoplasm filled with colloidal particles, so that the gradients 
may persist for a considerable period. The space-relations of 
the regions of highest and lowest potentials would be approxi- 
mately as represented; the region most remote from the two posi- 
tive central and peripheral areas will naturally remain negative 
relatively to these areas for the longest period; this region will be 
intermediate in position in each half of the cell. Each hemisphere 
is thus the site of two oppositely oriented electrical fields. The 
potential-gradient of these fields, as the above considerations 
show, may at their first appearance be many volts per centimeter; 
their duration is problematical, but it seems probable that they . 
would have marked effect, even if acting for only a few seconds. 

The influence on the colloidal particles is apparently to produce 
electrical polarization analogous to that of most indifferent 
particles in strong electrical fields; the particles assume positions 
along the lines of force and apparently in many cases fuse to form 
fibrils. These fibrils once formed may _ persist, in accordance 
with their colloidal nature, for some time after the originating 
conditions have disappeared.® It should be noted that the defi- 
nite character and sharp curvature of the rays connecting the 
astral and nuclear areas receive consistent explanation on the 
present theory, since the nuclear area is positive and the astral 


®2 It should perhaps be emphasized that colloidal fibrils once formed may out- 
last the disappearance of the conditions to which they owed their origin. The 
essential process in their formation is the fusion of colloidal particles to form 
larger aggregates, as in coagulation. Now all degrees in the reversibility of the 
coagulation-process in protein solutions are known; some coagula (e.g., those 
produced by alkali or alkali-earth neutral salts) are readily, others difficultly 
reversible (heavy metal coagula). The fibrils formed in mitosis are often remark- 
ably persistent (Zwischenkérper, etc.). It is clear then that once having been 
formed they may undergo curvature, displacement, or crossing, and the fact that 
they often do so under normal or experimental conditions (ef., e.g., Morgan: 
Proceedings of the Society for Experimental Biology, 1910, vol. 7, p. 132) in no 
way invalidates the theory that their formation is due to electrical conditions 
like those imagined above. 
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centers negative.” The chromosomes in the nuclear area, being 
negatively charged bodies, are influenced by the electrostatic 
forces existing in the field and spread out laterally in a symmet- 
rical position between the adjoining negative areas. The lines of 
force, indicated by the radiations, converge in each hemisphere 
toward the intermediate regions of greatest negativity; the latter 
evidently correspond to the more or less definitely circumscribed 
astral centers.*! | 

During this period ions must be regarded as slowly diffusing 
along the gradients in such a manner as to equalize the potentials. 
Just as the region midway between the two most positive areas 
(superficies and nuclear region) retains its original negativity 
longest, so the region midway between the two most negative 
areas (the astral centers) retains its original positivity longest. 
That is, the gradient of decreasing negativity or increasing posi- 
tivity is from the astral centers toward the periphery and toward 
the original nuclear area. Wéathin the nuclear area a region sym- 
metrically situated with reference to the two astral centers will 
thus, so long as the potentials remain unequalized, be the region 
of highest potential or greatest positivity. The position of this 
region will coincide with a plane equidistant from and perpendicu- 
lar to the astral centers, and to this plane negative particles will 
tend to be drawn; hence the gathering of the chromosomes in this 
‘equatorial plate’ position. 


‘3¥or the sake of definiteness I express myself here as if the negative and posi- 
tive areas were sharply circumscribed; this of course cannot be the case where 
ions are free to diffuse; it is with more or less steep gradients that we are dealing. 
The astral centers, under the above conditions, represent merely the regions of 
greatest negativity; the plane midway between the two, the region of the greatest 
positivity; the potential changes continuously and probably quite uniformly— 
judging from the usual disposition of the fibrils—between these two regions. ‘The 
conditions are essentially like those in the solution between the plates of a battery 
with closed external circuit, though the gradient in the cell is much steeper. 

‘4 The degree of development of the radiations will depend on the steepness of 
the gradient, on the time during which it persists, and on the density of the cur- 
rent-lines. This is probably why the spindle-fibers are the most constant, definite, 
and persistent of all; it also suggests the reason why radiations do not normally 
extend from the nuclear region to the equator of the cell. Possibly the neighbor- 
hood of the other oppositely oriented fields also interferes with the formation of 
such radiations. 
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I do not propose to elaborate the above theory further at 
present. The foregoing analysis, whatever its defects in detail, 
indicates, I believe, that by taking account of the changes of poten- 
tial resulting from alterations in the permeability of electrically 
polarized membranes, certain characteristic phenomena of mitosis 
are susceptible of consistent physico-chemical explanation. The 
distinctive appearances presented by the process appear to depend 
essentially on the following conditions: that two concentric 
semi-permeable membranes, enclosing between them cytoplasm 
with its characteristic oxidative metabolism, undergo simultane- 
ously, in certain definite regions, alterations of permeability with 
accompanying changes in the potential-differences between the 
regions which they separate. Membranes of varying permea- 
bility thus play a fundamental réle in cell-division, as in the 
processes of stimulation, absorption, secretion, and conduction 
of stimuli. ie 

It is evident that such a system as the dividing cell presents 
many difficult physico-chemical problems. The situation is 
complicated by the chemical changes involved, some of which, 
including the energy-yielding oxidations, must be influenced by 
the changes in electrical potential at the surfaces. The mem- 
branes, in fact, are to be regarded as electrodes of changing 
potential; and by acting as such, as well as by altering the con- 
ditions of interchange, they must influence the course of the 
chemical reactions. The simple inorganic model imagined above 
is probably similar, in the purely electrochemical aspect, to the 
normal nucleated cell, while complications of a purely chemical 
nature are absent. It may thus serve to throw light on those 
physical features of the mitotic process which are dependent on 
changes of electrical potential at the surfaces. The nature of the 
metabolic processes in cell-division remains, however, as the 
essential problem, and it is probable that the facts required for 
its adequate solution are still largely unascertained. It is possi- 
ble that study of the relations between alterations in membrane- 
permeability and chemical changes in substances adjacent to the 
membranes will throw light on the nature and conditions of meta- 

bolic processes, not only in dividing cells but in cells in general. 
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INTRODUCTION 


This study was undertaken mainly to determine two questions 
that at present are of great theoretical importance, the mode 
of the conjugation of the chromosomes, and the origin and dis- 
tribution of the mitochondria: but I have found it necessary to 
investigate most of the other phenomena of the spermatogenesis 
at the same time, consequently I have been led to describe the 
entire spermatogenesis up to the ripe spermatozoon, thus com- 
pleting the investigation of this species begun by me in 1898.! 

Considerable time was given to the study of living cells, in which 
the testis was teased and placed in Ringer’s solution. It was 
a great surprise to me how much could be seen in this state: plas- 
mosomes distinguished from allosomes during the growth period, 
the mitochondria very distinct, in the maturation mitoses the 
centrioles and mantle fibers as clear as upon the best stained pre- 
parations and the chromosomes visible, though not so clear, and 
all the phenomena of the histogenesis of the sperm quite as dis- 
tinct as upon any stained preparations. By this intra vitam 
study a pseudopodium of the spermatid was found that could not 
be seen upon sections, and the stages in the shrinkage of the sper- 
matid nucleus be seen with the greatest clearness. This has 
convinced me that the fixed preparations we have all been study- 
ing present a very close picture of living conditions, provided a 
good fixative like Flemming’s stronger fluid isemployed. Despite 
what microchemists may conclude, we have been working with 
images that are very close to the living, and that may well be a 
source of great consolation. Indeed, the argument that cytolo- 
gists have for the most part studied only precipitates and coagu- 
lates need no longer be advanced to us, when structures seen in 
life so closely approximate those of fixed and stained sections. 

More than forty testes were sectioned after fixation by a variety 
of methods, though those fixed by Flemming’s and Hermann’s 


1 This is the species I have called E. variolarius Pal. Beauv. and a discussion 
of the identification is given in my paper 1910a. 
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mixtures were the ones mainly studied. Two principal stains 
were employed, the iron haematoxylin of Heidenhain and the 
safranin-gentian violet method of Hermann—the latter unequaled 
for many purposes. For the mitochondria in particular a num- 
ber of slides were stained with Meves’ modification of Benda’s 
method, but no precise differentiation was reached, other bodies 
always staining at the same time as the mitochondria. My 
clearest and most satisfactory stains of the mitochondria were 
reached with the iron haematoxylin method, in which it is best 
to use rather thick sections and to destain only slightly. .- 

The greater number of the drawings were made from two parti- 
cular testes, nos. 265 and 282, the former because it showed the 
mitochondria most distinctly, the latter because it was the best 
for the study of the chromosomes and the spheres. There is so 
much variation in small details between cells of correspondent 
stages from different testes that it seemed best to describe the 
phenomena as they occur mainly in one individual. Further, of 
the six longitudinal follicles of the testis, the cells of only follicles 
4, 5 and 6 were studied, for these cells are of approximately the 
same size; the large spermatocytes of follicles 1 and 3 present 
certain peculiarities that it seemed best to leave to a later special 
study.? 

The final writing up of this paper had to be done under great 
stress of outside duties, so that in my discussion of theliterature 
I may have made some important omissions. 


THE AUTOSOMES 
A. Observations 


Under the term ‘autosomes’ are meant the chromosomes of the 
ordinary type, in distinction from the modified chromosomes or 
allosomes that differ from them in behavior; this terminology was 
introduced in an earlier paper of mine (’06). 


2 On the differences of the cells in the six follicles, see my paper, 1910a. 
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Spermatogonia may always be distinguished from spermato- 
cytes of the earlier growth period by the following characteristics: 
(1) the spermatogonia are arranged in radial rosettes; (2) each 
of them possesses a mitosome in the rest stage; (3) their plasmo- 
somes do not lie against the nuclear membrane; (4) their cyto- 
plasmic mass is relatively larger; (5) they never possess filiform 
mitochondria. These differences are mentioned in order to fore- 
stall any objections that might be raised to our seriation of stages, 
such as confusing a telophase of a penultimate spermatogonium 
with that of an ultimate one, an important point, for telophases 
of ultimate spermatogonia are necessarily first spermatocytes. 
There is no possibility of confusing spermatogonia with any other 
cell generations than early spermatocytes, for the successive 
stages of the spermatogenesis follow each other along the length 
of each testicular follicle in fairly regular order. 

In testes of adult individuals are found two generations of 
spermatogonia, which it will be convenient to call the ‘penulti- 
mate’ and the ‘ultimate,’ these terms being preferable to ‘pri- 
mary’ and ‘secondary’ of most writers, for the reason that pri- 
mary and secondary employed in the strict sense should refer to 
the first two generations of the germinal cycle. Whether there 
are three generations of them in adults was not positively ascer- 
tained. Fig. 1 represents a penultimate, and fig. 3 a group of 
ultimate, spermatogonia, and these figures give a fair example of 
the usual differences between the two. The penultimate spermat- 
ogonia are larger, usually shorter, and their number within a 
cyst (rosette) is only half that of the ultimate spermatogonia. 

In resting cells of both spermatogonial generations a portion of 
the chromatin is always arranged on the nuclear membrane in the 
form of a chromatin plate, in the immediate vicinity of the idio- 
zome (figs. land 3). The local connection of these two structures 
is invariable, no matter what the position of the idiozome may be; 
this relation was overlooked in my paper of 1898. 

In equatorial plates of the spermatogonia are to be counted 
fourteen chromosomes (fig. 2), twelve of which are autosomes as 
detailed particularly in my papers of 1906 and 1910. The very 
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smallest is the smaller idiochromosome (d). The autosome pairs 
present constant size and form differences, and at least five pairs 
(A, a, B, b, C, c, E, e, F, f) may be readily distinguished from the 
others. But of the three remaining chromosomes, contrary to 
my conclusions of 1906, I do not find it possible to decide which 
two are autosomes and which one is the larger idiochromosome, 
but that one of them is necessarily the larger idiochromosome we 
shall see is unquestionable. All of the twelve autosomes divide 
in every spermatogonial mitosis, for each first spermatocyte 
invariably comes to contain twelve, as detailed especially in my 
paper of 1910. ; 

Fig. 4 exhibits an early telophase of an ultimate spermatogo- 
nium. The chromosomes are here not fused, as the figure might 
imply, but merely so closely apposed that they can be distin- 
guished only with difficulty in a side view. 

The daughter cells resulting from this division are the first 
spermatocytes, and these are shown in their earliest stage in 
fig. 5. In the upper of the two cells there drawn, fourteen chro- 
mosomes can be counted, and in the lower, thirteen; in the latter 
it is probably the smaller idiochromosome that is hidden from 
sight. 

The next change is that the nucleus becomes larger while the 
autosomes grow more irregular in form, become less compact and 
swell in size, as shown in figs. 6 and 7, each of which exhibits 
fourteen chromosomes. A few delicate linin threads appear 
joining autosomes, but the connective fibers of figs. 4 and 5 
(derived from the linin constituent of the chromosomes) have 
disappeared without a trace, and so have the granules of the cell 
plate. Then the autosomes begin to lengthen (figs. 8 and 9), 
showing sometimes amoeboid contours (figs. 10 and 11), and 
soon become linear (figs. 12 and 13). The precise succession of 
the stages of figs. 6 to 12 is difficult to determine, but without 
doubt there transpires a gradual lengthening of the chromosomes 
at this time without either splitting or conjugation. Figs. 13- 
15 represent succeeding stages of this lengthening of the auto- 
somes, and there can be no doubt that the stage of fig. 12 passes 
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immediately into that of fig. 18, for both these cells lie within the 
same cyst.® 

The cells of figs. 16 to 19 correspond approximately to the 
stage where, in most other objects, there is an intercalated rest 
period. But in Euschistus there appears to be no rest stage, but 
at all times chromosomal boundaries may be clearly distinguished. 
I have given particular attention to this point, for it is one of 
considerable importance with regard to the question of the con- 
tinuity of the chromosomes. 

Figs. 22 to 24 lead to the leptotene stage that is shown in figs. 
25 to 28 (figs. 25 to 27 being cells from one cyst). <A good eri- 
terion of this stage is the first indication of beginning conjuga- 
tion of the still irregular idiochromosomes. There is at this period 
occasional indication of parallel grouping of some of the autosomes 
(e.g., in fig. 27), evidently the first step in the conjugation of the 
autosomes. In the leptotene condition there is certainly no 
continuous chromatin spirem developed, for free ends of certain 
autosomes may always bedistinguished. Indeed, at no time in the 
history of the spermatocytes is there a continuous chromatin 
spirem produced. This stage is evidently of short duration for it 
is seldom found. 

In nearly every stage, from the leptotene to the pachytene, 
some cells of nearly every cyst may exhibit the condition of syni- 
zesis, closely massed grouping of the autosomes. That is, syni- 
zesis of the autosomes is not limited to a particular period but 
extends over quite a series of stages, and at any one of the stages 
some cells may exhibit it while others do not. This may then bea 


* Objection might be raised that, with the seriation of my stages, cell and nuclear 
size is not always conformable. But cells in the same cyst vary considerably in 
volume. Thus fig. 9 is one of the largest cells of its cyst, the others of which were 
smaller, and figs. 16-19 illustrate cells of very different volumes but all from one 
cyst. Size of cell or nucleus is then no good criterion of stage. The matter of a 
correct seriation of stages is so important and one is so liable to make mistakes 
concerning it, that I have seriated the stages not primarily by a study of the auto- 
somes themselves, for that would be arguing in a circle, but by the seriation of _ 
other components, particularly the plasmosomes, the idiochromosomes, and the 
cytoplasmic differentiations. The reader will find, on examination of plates 1-3, 
that my seriation takes general count of the changes of all these structures. 
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condition of periodical or rhythmical occurrence, perhaps associ- 
ated with periodical discharges of nuclear substance, the same 
cell passing through a series of such conditions; in no other way 
at-least can the sporadic occurrence of synizesis be explained. 
For this is clearly a.normal phenomenon and not an artefact due 
to faulty preservation of the nuclei, for it is seen after the use of 
all fixatives and only up to the pachytene stage. It is then 
associated with the time when the nuclear membrane is exceed- 
ingly delicate. Figs. 23 and 24 from one cyst, and figs 30 and 31 
from another, illustrate the different appearance that cells of the 
same cyst may show. But even during the acme of such syni- 
zesis (figs. 24, 31, 33, 27, 40) there is no evidence that the auto- 
somes become fused or in any way lose their identity, all-the 
appearances indicate rather that they are then only very closely 
massed; for in thin sections of such masses the outlines of the 
individual autosomes may always be discerned. 

The leptotene condition with its slender but still isolated auto- 
somes (figs. 25 to 28) passes gradually over into the zygotene, 
leading to the condition where the autosomes lay themselves 
parallel in pairs (figs. 41, 42). It is difficult to be sure of the 
exact sequence of all the stages shown in figs. 29 to 42, yet there 
can be no doubt that the leptotene condition changes gradually 
_ into the zygotene. It will be recalled that no continuous chroma- 
tin spirem had been produced, therefore the bivalent autosomes 
cannot be formed by any transverse breaking of such a spirem. 
Already in the leptenema there may be some trace of a parallel 
juxtaposition of autosomes, and this would seem to have pro- 
ceeded further in the stages of figs. 29 and 30. Then we reach 
the interesting conditions of figs. 32 to 35 and 38 to 42; in figs 32, 
34, 42 all autosomes are shown in their entirety. In fig. 32 most 
of the autosomes show parallel arrangement, especially marked 
in the case of the pair that touch the plasmosome (Pl). Fig. 
34 is especially important; it exhibits, in addition to the two 
idiochromosomes (D, d), precisely twelve autosomes, four of 
which compose two gemini; in other words, this nucleus shows 
eight univalent and two bivalent autosomes. This figure, made 
with the greatest care and redrawn on different occasions, estab- 
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lishes, together with the other evidence that is to follow, that we 
are dealing here with parallel conjugation and not with longitu- 
dinal splitting. For there being in fig. 34 just ten threads, two 
of which are double, and the spermatogonial number of auto- 
somes being twelve, it necessarily follows that each of the double 
threads could have been produced only by juxtaposition of two 
single threads. In fig. 38 the pairing of certain autosomes is 
seen clearly. In fig. 42 where the entire nuclear content is shown, 
there are seen exactly six chromatin loops (excluding the pair of 
idiochromosomes, D, d), and each of these is double; these are 
then six bivalent elements, each produced by the lateral apposi- 
tion of two univalents. In fig. 41 five entire double loops are 
drawn, the sixth being omitted so as not to obscure the picture. 
Thus it results that the six bivalent autosomes or gemini of figs. 
41 and 42, and consequently of later stages, are produced by 
lateral conjugation of univalent autosomes; and the clear line 
that one sees along the axis of each such double thread cannot be 
a longitudinal split of a single univalent. 

The stages delineated in figs. 34 to 42 have been arranged 
according to the stage of cytoplasmic differentiation, particularly 
the growth of the sphere. This cytoplasmic development does 
not keep exact step with the nuclear, for, e.g., the cell of fig. 39 
contains exactly eleven autosome loops, therefore cannot contain 
more than one bivalent, and with regard to its nuclear compo- 
nents should precede fig. 34 that contains two bivalents. 

The zygotene condition is closely followed by the pachytene 
(figs. 48 to 45), in none of which are all the gemini represented ; 
this stage is found just before the sphere (Sp) has reached its 
greatest size. Here the autosomal loops are in one-half the nor- 
mal number, and, for the most part, each of them appears solid 
and undivided. But in the greater number of cases there is to 
be seen on each geminus at least traces of a clear space which 
marks the original point of meeting of two univalents. Thus in 
Kuschistus there is no valid evidence of any actual fusion of the 
two members of any pair. 

It will be convenient to stop at this point to recount another 
process of the autosomes. In the earliest growth period (figs. 
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6 to 14) certain autosomes are regularly in contact with the 
nuclear membrane at the distal pole of the latter, where it touches 
the idiozome (id). This continues until the disappearance of 
the idiozome (figs. 47, 48), after which none of the autcsomes 
maintain such a position. In earlier stages (figs. 6 to 12) there 
appear to be two autosomes invariably in this position, but later 
it would seem that the ends of more than two touch the nuclear 
membrane at the idiozome pole (figs. 14-20, 23, 25, 27-29, 33- 
43). Otherwise autosomes do not end upon the nuclear mem- 
brane except in connection with the growing plasmosome (to 
be described in another place). Whether these are particular 
autosomes, or whether it is a matter of chance which of the auto- 
somes occupies this position, I have not been able to determine, 
but this is a regular phenomenon of every cell of these stages. 
The ends of such autosomes are coiled upon the nuclear mem- 
brane, making there a plate of chromatin and not a dise of sepa- 
rated granules as described by me in 1898. This ‘chromatin 
plate,’ as it may be called for convenience, is invariably ata 
particular pole, next the idiozome body, and probably has some- 
thing to do with the genesis of the latter as will be shown later. 
This plate is brought to an end by the autosomes withdrawing 
rom the nuclear membrane, and leaving no chromatin behind 
them. But I have seen no evidence that any chromatin is bodily 
eliminated from the nucleus at this point. 

Following upon the pachytene (figs. 48 to 45) comes the strep- 
sinema or diplotene stage, the earlier part of which about coin- 
cides with the maximum size of the sphere and its dissolution 
(figs. 46 to 57). The pachytene threads gradually unravel so 
that each geminus comes to appear distinctly double for the 
second time. The two components of each geminus then appear 
more or less spirally twisted around each other and their shorten- 
ing is due to this twisting rather than to any linear contraction. 
As arule the two components of a geminus begin to separate first in 
their middle portions, while their ends are still closely apposed (figs. 
50, 54,56). Three entire gemini are drawn in figs. 46, 47, 49, 54, 
55, two entire ones in figs. 50, 52, and four in fig. 56. In fig. 48 
five gemini are shown in their entirety, while the sixth, to avoid 
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complicating the drawing, is represented as a line simply to show 
its position and length. A comparison of fig. 48 with fig. 42 
demonstrates that just after the pachytene condition the bivalents 
have the same number and form as just before it, another indica- 
tion that their univalent components had not fused in the pachy- 
tene stage. In the earlier portion of the strepsinema all six 
bivalents may be readily distinguished and their boundaries 
accurately determined, provided one select nuclei where they are 
scattered and not massed and then draw their outlines patiently 
with the camera lucida. In most of the cells of this stage in order 
to show their details with the greatest distinctness only a few of 
the gemini have been drawn. 

Generally the two components of a geminus appear of equal 
thickness and length, but occasionally there is to be noted a 
difference of their diameters as in the case of the right hand 
geminus of fig. 49. 

Shortly after the time of disappearance of the sphere in the 
cytoplasm the autosomes become for a while grouped around the 
plasmosome, as exhibited in figs. 58, 60, 61-66, fig. 61 showing 
the most common appearance of autosomes converging towards 
the plasmosome. Most of the figures are incorrect in one respect, 
namely, in omitting to show how the gemini end upon the plasmo- 
some, a relation difficult to determine because at this stage the 
plasmosome stains deeply, but they do not appear to penetrate 
into the plasmosome substance. The meaning of this phenome- 
non, which is a constant one for this period, will be discussed 
under the subject of the plasmosome. 

The later history of the autosomes shows that the gemini 
widen out in such a manner that the two univalent components 
of each continue to be connected at one end while diverging at 
the other, the end result being, in the definitive gemini of the 
reduction division, every two univalents joined end to end. 
This process is effected gradually, it does not take place in all 
cells at the same time nor yet at the same time on all gemini of 
the same nucleus, and in its details shows considerable variation. 
Thus in figs. 50, 53, 56 the univalents are more widely divergent 
than in fig. 59, though the latter is a later stage of the cytoplasmic 
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structures; fig. 59 exhibits five entire gemini, and by a heavy line 
the position of the sixth. The two univalents of each geminus, 
as they begin to unravel, appear at first spirally twisted around 
each other (figs. 48-57). Then they begin to diverge at one 
end. The point of continuing contact of the two univalents of a 
geminus, or point of persisting conjugation, is marked by « in 
figs. 58, 60, 62. 

No rest stage follows this condition, contrary to my first deserip- 
tion, but the gemini immediately approach the nuclear membrane 
and the prophases proper of the first maturation mitosis are 
established. Fig. 63 marks the beginning of the prophase, and 
later prophases are shown in figs. 64-86. The concurrent changes 
of the gemini are theoretically so important that they deserve 
to be described in detail. In fig. 68, which presents the greater 
portions of five gemini, the conjugation point of each geminus.is 
marked by the letter x. Figs. 64 and 64a show five entire gemini 
of one nucleus, the sixth being omitted because it lay in an oblique 
position; this shows various stages of gemini, the one of fig. 64a 
illustrating particularly clearly how the univalents remain 
attached at one point and separate at the other. The conjuga- 
tion points, marked by x, can be seen in some of the gemini of 
figs. 65, 66, the latter exhibiting all the gemini, but in both of these 
the elements lie so obliquely as to obscure the relation. As the 
prophase advances the process becomes clearer, for the autosomes 
gradually become shorter and more regularinform. Thus in fig. 
67 two whole gemini are drawn, each of which clearly possesses a 
V-form; the same condition is shown somewhat less clearly in figs. 
69 and 70; in figs. 71-84 also, the letter 2 denotes the conjugation 
point. Figs. 71 and 72 are from one cyst, the latter showing two 
gemini. Fig. 73 illustrates a part of a geminus on the right and a 
whole one on the left, the latter exhibiting clearly the mode of 


4 Stages like those of figs. 57-62 are in the large spermatocytes of follicles 1 and 
3 very much more like rest stages, for in them the autosomes become more diffuse 
and their boundaries more difficult to determine; it was from a study of those large 
cells that I was led, in 1898, to conclude the occurrence of arest stage at this period. 
It will be recalled that in the present paper the conditions in follicles 1 and 3 are 
disregarded. 


742 THOS. H. MONTGOMERY, JR. 


junction of the univalents. Fig. 74 shows two entire gemini and 
fig. 75, of another cell of the same cyst, three entire ones. Figs. 
76 to 80 show gemini from cells of one cyst, of which figs. 76 and 
78 show each two gemini and the others each one. Fig. 81, of a 
stage when the gemini are more condensed, shows four whole 
gemini; fig. 82, a cell of the same cyst, two whole gemini; and fig. 
83, still another cell of the same cyst, shows all the gemini. The 
last three figures, from cells of the same cyst, illustrate how 
rapidly these changes succeed each other. In figs. 84 and 85 
all the chromosomes are shown, and in each of these cases there 
are six bivalent autosomes.® 

By the stage of fig. 85 most of the gemini have become straight- 
ened out, though two stillretain the angular form. In the late 
diakinesis of fig. 86, in which again all the chromosomes are drawn, 
all the autosome gemini have become straight with an annular 
constriction about the middle, the ‘dumbbell shape’ of my previ- 
ous descriptions. 

How are we to evaluate the definitive gemini of the first matura- 
tion mitosis, shown in figs. 87 to 89, and 92 to 94? Their history, 
as we have followed it, demonstrates that the twelve univalent 
autosomes were at first distinctly separate, they do not at any 
time produce a continuous spirem, they undergo a parallel con- 
jugation, then in each geminus the two components begin to 
separate at one end while remaining attached at the other (this 
the persisting conjugation point). Thus two parallel autosomes 
change into a V-shaped geminus, and finally the two arms of 
the V open out into a straight line. Accordingly, each geminus 
of the first maturation division represents two univalents placed 
end to end, and the constriction around each geminus marks the 
point of persisting conjugation of the two univalents. 

No other interpretation seems justified after along and repeated 
study of the whole series of phenomena. And a degree of cer- 
tainty can be reached because there is no rest stage at any period 


5 In fig. 84 one of these gemini has its two components, s, s, separated from each 
other. This is a frequent variation, and the history of such s-chromosomes I 
have detailed elsewhere (10a). 
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of the spermatocytes, nor is a continuous spirem produced, and 
the univalent autosomes preserve their long axes throughout. 

Chromosomes most difficult of interpretation are ring-shaped 
ones, and fortunately Euschistus has none such in the maturation 
mitoses. Gemini of such form are, however, frequent in the pro- 
phases as shown in figs. 69, 70, 74, 75 and 82 to 84, even though 
these later invariably straighten out into rod form. In earlier 
papers I have shown that such a ring is a geminus in which the 
middle part has widened out while its ends have remained closed; 
other gemini differ in having the univalents separated at one end 
while apposed at the other. The inception of a ring is very simple. 
From such a stage as that of figs. 49 to 55 where every two uni- 
valents are wound around each other, is attained the condition 
shown in figs. 56 and 64 where the univalents begin to separate 
along their middle portions. The latter are incipient rings and 
they may remain such until a late prophase, or may change into 
V-shaped gemini by breaking their contacts at one end. Neither 
rings nor Vs are produced by longitudinal splitting. It is quite 
possible that certain gemini may be regularly ring-shaped and 
other regularly V-shaped during the prophases. For, as shown in 
figs. 69, 74, 75, 82, and 83, the rings are usually of conspicuously 
large size, and usually if not invariably in the number of one to a 
nucleus, as if such a geminus always represented a particular 
large pair of autosomes and were not a mere variation. 

It is now necessary to examine at what period the autosomes 
become longitudinally split. In the growth period through the 
pachytene stage there is no longitudinal splitting, for what I had 
previously (’01) interpreted as such, I now find to be the line of 
conjugation. This is proven sufficiently by the fact that the 
twelve autosomes of the spermatogonia are represented in these 
stages by six double rods. Frequently at certain points along a 
geminus the chromatin granules appear accurately paired (figs. 
51, 52). But this does not appear until a rather advanced stage 
of the strepsinema and is by no means regular. The true longi- 
tudinal splitting of the univalent elements takes place at a much 
later stage than I had previously supposed. Occasionally in a 
very early prophase there is an indication of it, as in fig. 64a. 
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But this is unusual, for in the series of later prophases of figs. 
67 to 78 no trace of it wasnoticed. It is when the autosomes have 
shortened and their surfaces become nearly smooth that this 
split is prominent for the first time. The gemini of figs. 79, 80 
show it prominently but in each case upon only one univalent. 
It is fairly conspicuous along the larger geminus of fig. 82; in 
fig. 84 it is seen along two of the gemini; the reason why it is 
not seen upon all at this stage is probably because it is visible 
only when the flattened surface of a univalent is turned towards 
the observer. During the first maturation metaphase this split 
can always be seen when the gemini lie in the proper position and 
when they are sufficiently destained (figs. 86-88, 93-94). 

During the strepsinema stage and the consequent prophases ~ 
the nuclear linin threads increase in number, as shown in figs. 
42 to 93, and there are good indications that they are outgrowths 
of the autosomes. In the later prophases these become replaced 
by chains of fine globules (figs. 78-85). The latter appear to 
emanate from the autosomes, as though they were droplets of 
fluid pressed out by these during their process of condensation; 
and it may be that such droplets pass out along the linin threads, 
for this would explain their catenulated arrangement. This 
appears to be the only act of intranuclear substance emission by 
the autosomes, for in earlier periods the karyolymph appears 
quite clear. 

The history of the autosomes during the maturation mitoses 
has been so fully described by me before (’01, ’06, 710) that it 
needs but brief mention here. The six bivalent autosomes become 
arranged in the equatorial plane of the first maturation spindle 
with their long axes parallel to the latter (figs. 87-89; 92-94). 
All the chromosomes are drawn in fig. 89. Their longitudinal 
splits are also in the line of the spindle, and on polar views of the 
equatorial plate (figs. 90, 91) this split is often evident as an inden- 
tation upon the autosome. The transverse constriction of each 
geminus, which is the point of persisting conjugation of two uni- 
valents, lies in the equator and the autosomes divide along it 
(figs. 94, 95). This first division is then reductional, and gives: 
to each second spermatocyte six univalent autosomes. As the 
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daughter (univalent) autosomes separate (figs. 95-97, 99, 100), 
the longitudinal split becomes much more pronounced upon each, 
appearing first as a deep indentation at the point nearest the 
equator of the cell. On polar view of an anaphase each autosome 
shows a constriction which is the split. In the second mitosis 
(figs. 102, 103) that follows without any interkinesis, the uni- 
valent autosomes divide along the line of this constriction, hence 
equationally, so that each spermatid receives a half of each of the 
six univalent autosomes (figs. 105, 106). In the equator of the 
second maturation spindle the autosomes are arranged usually 
in a circle around the pair of idiochromosomes (fig. 101). In the 
anaphases represented in figs. 104 and 107 to 109 individual auto- 
somes are not delineated but only the masses of them, for on 
lateral views it is difficult to make out their outlines; in fig. 110 
five autosomes are shown in each daughter cell, the sixth in each 
being obscured by one of the others. 

In the histogenesis of the spermatid the six autosomes early 
become irregularly massed in a circle around the idiochromo- 
somes; in fig. 111 they happen to be so closely massed that their 
individual boundaries cannot be determined, yet there isno fusion 
of them. Fig. 112 shows the delimitation of the young daughter 
nucleus by the formation of its membrane (in the stages of figs. 
110, 111 the chromosomes lie in a vacuole not yet bounded by a 
membrane), and the six autosomes in peripheral position around 
the central idiochromosome (d). From this time on the auto- 
somes remain strictly peripheral, until they finally produce the 
hollow cylinder of chromatin that composes the major portion 
of the sperm head. In fig. 113 the nucleus has grown in volume, 
and the autosomes have also become larger and less dense. Figs. 
114 to 117 illustrate succeeding stages, the nucleus attaining its 
maximum size and the autosomes becoming flattened against 
its membrane; fig. 117 shows four of the six autosomes, all that 
can be seen on profile, the remaining two being on opposite sur- 
faces. ‘The evidence is clear that the whole, or at least the major 
part, of the substance of the autosomes becomes peripheral, and 
that the larger bodies (D) that lie free within the nuclear cavity 
are derivatives of the idiochromosomes. By the stage of fig. 
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118 the autosomes have become so spread out that they compose 
a thin layer of chromatin covering the whole inner surface of the 
nuclear membrane except at the pole nearest the centriole (c). 
From now on boundaries of the autosomes can no longer be dis- 
tinguished. This peripheral mantle of chromatin appears deeply 
stained when viewed in section, but pale in surface view. In the 
stages of figs. 119 to 126 there is no marked change in this layer 
of chromatin, beyond that the area of. interruption opposite the 
centriole becomes reduced. Then the whole nucleus becomes 
smaller, with enlargement of the area of interruption of the 
chromatin (figs. 127-136); this phenomenon is associated with 
discharge of substances from the nucleus and will be described 
in the section on the idiochromosomes. It next begins to elon- 
gate (figs. 184-138). Later (figs. 139, 140) it becomes laterally 
compressed, the peripheral chromatin again extending nearer the 
centriole. Thus the chromatin cylinder lengthens and grows 
bilaterally symmetrical; fig. 141 exhibits it from its flattened 
surface, showing how the border next the perforatorium is more 
arched, while the opposite surface remains more flattened. Figs. 
142 and 148 illustrate two immature sperm of a later stage from 
- one cyst; the first is seen from its flattened surface while the other 
is viewed from its narrow edge; thus the sperm head has grown 
into the shape of a shallow, pointed spoon. At the same time it 
becomes spirally twisted to a slight extent. A later stage, seen 
from the flattened surface, is shown in fig. 144, and a cross sec- 
tion of a head of the same stage in fig.145. The latter figure illus- 
trates how the concavity of the head has become a deep groove 
and it is this longitudinal groove that might mislead one, view- 
ing the head from the side, into supposing that there were an 
axial rod contained within the cylinder of chromatin. In this 
way the sperm head changes from the shape of a bent spoon to 
that of a narrow, pointed rod, with a deep groove on that sur- 
face directed away from the perforatorium. A later condition is 
drawn in fig. 146, and a mature sperm head from the distal end 
of the testis in fig. 147. Seen from its more flattened side the 
mature head shows as a thin hollow cylinder of chromatin con- 
taining a distinct cavity filled with nuclear sap, but seen from its 
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narrower edge it more frequently seems to be a solid mass of chro- 
matin. The nucleus thus remains vesicular. 

Mature sperm heads of a particular testicular follicle vary 
somewhat in length, as shown by me before (10a). But this 
appears to be a case of continuous variation, and those of the 
same follicle do not constitute two or more constant size groups, 
nor do they exhibit polymorphism. 

No evidence was found of the casting off of any substances by 
the sperm, such as has been described in mammals and in Myxine. 
Further, all the sperm of a follicle appear to develop, and when 
degeneration phenomena are found (such as marked vacuolization 
of the sperm heads) they usually include all the sperm of a cyst. 
There is no evidence that particular sperm degenerate, nor any 
particular proportion of them. 

During their earlier stages the spermatozoa are arranged irreg- 
ularly within their cysts. But after they have lengthened, as 
in the stage of fig. 126, all those of a cyst become grouped into 
bundles with the heads close together and directed towards the 
vas deferens, while their tails point in the opposite direction. 
After the heads have grown much longer, as in the stage of fig. 146 
or a little earlier, all the spermatozoa of a bundle have the pointed 
ends of their heads imbedded in the cytoplasm of one of the larger 
follicular cells that form the thickened epithelial lining of the dis- 
tal end of the testis (compare the text figure of my paper, ’10a); 
but this attachment, which may denote a feeding process, becomes 
broken before the sperm arrive in the vas deferens. 


B. Discussion 


In his classical memoir of 1883 the lamented Eduard Van Bene- 
den gave the first statement of the theory of the individuality 
of the chromosomes, and at the same time determined that 
the mature germ cells contain half the normal number of chromo- 
somes, two conclusions that are of the greatest importance. Since 
that time much attention has been given to the mechanism of 
these processes, and the interest in them never seemed more 
intense than at the present time. 
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My present paper gives results that are thoroughly confirma- 
tory of the idea of the continuity of the chromosomes, a view 
that I have consistently tried to support. In Euschistus there is 
no rest period in the spermatocytes, but the boundaries of all 
the autosomes may be readily distinguished from the early growth 
period through both maturation divisions into’ the early part of 
the histogenesis. This is not only a continuity of number but 
also—and this is more important—one of size differences. This 
subject has received so much attention in preceding papers of 
mine (especially those of ’00, ’01, 06, 10a) that there is no gain in 
another discussion of it here. 

On the matter of the mechanism of the reduction of the chro- 
mosomes there is a very voluminous literature, as every one 
knows to his cost who has tried to keep abreast of the discussion. 
Fortunately Grégoire (’10; compare also his earlier study of ’05) 
has recently published an excellent comprehensive critical review 
of this whole literature through 1909, so that I do not need to go 
over the ground in this place but will refer the reader to Grégoire’s 
work as the most thorough discussion of the question. Below 
I give a concise tabulation of the chief opinions relating to the 
phenomena of reduction of the autosomes, arranging these in 
somewhat different form from that of Grégoire, and mentioning 
for each view simply its main founders. In this tabulation I do 
not include the “interpretations spéciales de nature complexe”’ 
which Grégoire reviews on pp. 269-2738 of his last study; these are 
explanations offered by Hicker (and his students), by Schaefer, 
Otte, Wilke and Marcus, all of them differing rather markedly 
from other modern opinions, and none of then as yet particularly 
corroborated. 7 


6 Grégoire seems to have omitted only one important paper on the subject, 
that of Guyer, which was dated 1900 but does not appear to have been published 
until two or three years after that time. Stomps has issued, since the appearance 
of Grégoire’s work, a study of considerable interest upon the maturation phenom- 
ena of Spinacia. . 

7 The most important of these explanations is perhaps that of Hacker (’04, ’10). 
But his idea of a teleutosyndesis, a conjugation of autosomes during or after the 
second maturation mitosis, are in complete disaccord with the work of Riickert, 
Lerat, Nichols, McClendon and others on crustacean gametogenesis. This dis- 
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I. The actual reduction of the number of the chromosomes is 
effected during the prophases of the maturation mitoses, and both 
of these divisions are equational. This was originated by Boveri 
(87) and Brauer (’93). To-day it is held in two forms: (A) 
Meves (’96,’07a) Fick (’07,’08), and Duesberg (’08) argue that a 
continuous spirem is produced, that this segments into half the 
normal number of chromosomes, the cleft along such a bivalent 
chromosome being a true longitudinal split; they reason there is 
neither metasyndetic nor parasyndetic conjugation of chromo- 
somes. (B) Bonnevie (’06,’08) and Vejdovsky (’07) hold there is a 
parasyndetic union of chromosomes, but that this conjugation 
leads to complete and persisting fusion. 

II. The reduction of the number of the chromosomes is 
effected by the maturation mitoses, one at least of which is a 
reduction division. There are several variants of this, as follows: 

A. The univalent chromosomes, without conjugation or 
pseudoreduction, double their number during the prophases 
then become quartered in number by two successive reduction 
divisions. This view was founded especially by O. Hertwig 
(90) and Wilcox (95). . 

B. The univalent chromosomes undergo neither conjugation 
nor pseudoreduction during the prophases, but conjugate first in 
the equator of the first maturation spindle, and there separate 
reductionally. Founded by Henking (’91) and Korschelt (’95). 

C. The univalent chromosomes undergo pseudoreduction in 
the prophases by a continuous chromatin spirem segmenting into 
half the normal number of segments; these divide equationally 
in the first mitosis, and reductionally in the second; Rickert 
(793, ’94), Hacker (’95), Vom Rath (95). 


agreement need mean nothing in itself, but the more serious objection is that 
Hicker has tried to analyze the phenomena to large extent from a study of the 
maturation mitoses, without special regard to that most important series of stages 
found only in the growth period. Accordingly, Hacker’s conclusions cannot 
be considered in any measure founded until he has filled in this gap, for every one 
must recognize how elusive it is to argue phenomena of change simply from the 
phenomena of behavior of the definitive gemini. 
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D. There is no continuous chromatin spirem produced in the 
prophases, but the univalent chromosomes conjugate to form 
pairs or gemini and these undergo a reductional and an equa- ~ 
tional division. This view, now shared by the great majority of 
students, exhibits itself under these aspects: 

D. 1. The chromosomes conjugate metasyndetically. 

(a.) Thereduction in numbe of the chromosomes is effected 
by the first maturation mitosis (Montgomery, ’00; Farmer and 
Moore, ’03). 

(b.) The reduction in number of the chromosomes is effected 
by the second maturation mitosis, McClung, ’00, and his students. 

D. 2. The chromosomes conjugate parasyndetically, and the 
first maturation mitosis is reductional; Winiwarter (’00), Grégoire 
(04), Berghs (’04), A. and K. E. Schreiner (04, ’05). 

We may now discuss the relative validity of these different 
views, referring the reader for a full bibliographical treatment to 
the review by Grégoire. 

Interpretation I is founded to great extent upon negative | 
results, and rather ignores the numerous cases where particular 
forms and sizes of chromosomes can be followed through different 
generations with a high degree of certainty. It also denies the 
persisting continuity of chromosomes, an attitude based entirely 
upon, negative evidence; it argues that at certain times one can- 
not see the boundaries of chromosomes, therefore they must have 
lost their individuality. This view further gives no satisfactory 
explanation of why the chromosomes of the first maturation 
mitosis are so different in form from other chromosomes. 

Interpretation II meets the great consensus of modern opinion, 
and I believe it to be fu'ly established. On the four principal 
variants of this view the following criticisms may be passed: 

The view IIA meets no modern confirmation of any description, 
it being well established that not more than one maturation 
division is reductional. 

The view IIB was based on Henking’s observations on Pyrrho- 
coris, but all later students of hemipteran spermatogenesis have 
shown that gemini are produced before the maturation mitoses; 
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and based also upon Korschelt’s account of Ophryotrocha, but 
this has been controverted by the accounts of Grégoire and Deton 
(06) and of the Schreiners (06b). Therefore this view has no 
longer any support. ; 

View IIC is a much closer approximation to the truth, because 
it grants that gemini are produced during the growth period. 
The objection to it is that there is probably no continuous chro- 
matin spirem produced in the prophases of the first maturation 
division nor in any portion of the growth period; this objection 
was first urged by me (’00) as one of the many differences between 
spermatogonia (or oogonia) and spermatocytes (or oocytes), 
receives strong confirmation in my present observations, and has 
been sustained by Grégoire and numerous other investigators; 
only Meves and his school still oppose our contention. It is 
not a minor but a major difference, for the segmentation of a 
chromatin spirem is one thing, the conjugation of univalent 
chromosomes into gemini quite another matter. The conclusion 
that like or homologous chromosomes pair together to make 
gemini is the only conclusion that suffices to explain why, in the 
spermatid or the ootid, ail the chromosomes may be unlike in 
form or size. 

Therefore we must subscribe to the view IID, that there is 
no continuous chromatin spirem produced, but that the gemini 
are engendered by the pairwise conjugation of univalents and that 
they undergo one reduction division. This idea of a true conju- 
gation of chromosomes was brought out by von Winiwarter and 
myself independently in 1900, and in the following year I showed 
that this is a conjugation of correspondent maternal and paternal 
chromosomes, therefore really the final step in the fertilization 
process of the germ cells. This view IID has been substantiated, 
if the greater consensus of modern opinion may be taken as a 
test of truth. 

Twelve years ago, when I wrote my first paper on Euschistus 
(Pentatoma), those who held to the occurrence of a reduction 
division, and they were but few—Riickert, Vom Rath, Hicker, 
Wilcox, and in opposition to the authoritative opinions of 
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Flemming, Brauer and Boveri, maintained the occurrence of post- 
reduction, 7.e., reduction accomplished by the second maturation 
mitosis. It was Henking who first gave strong evidence that the 
first mitosis is reductional. Since 1898 I have tried to demonstrate 
for a number of objects (Hemiptera, Peripatus, Plethodon, 
Lycosa, Syrbula, Ascaris) it is the first mitosis that effectsthe 
actual reduction in the number of chromosomes, and not the 
second. This too is now fairly generally accepted, and Grégoire 
has taken the stand that it is actually proven for the greater 
number of the metaphyta and metazoa that have been studied. 
There are not many who longer hold that the second mitosis is 
reductional; the chief among them are McClung and his students, 
but others who have investigated the spermatogenesis of Orthop- 
tera (Gérard, Davis, Montgomery) have brought evidence to 
show that here too the first mitosis is reductional. Blackman 
agrees with the school of McClung, but then the chromosomes of 
the myriapods are admittedly unfavorable for the decision of this 
question. And it is not unimportant which one of the m tura- 
tion mitoses is reductional, for in some cases, as in certain par- 
thenogenetic eggs, there may be only one such mitosis, and it is 
a matter of great theoretical interest whether this is reductional 
or equational. 

But while it has been my good fortune to find so many issues 
for which I have contended now so generally maintained, there 
is one important question in which I would appear to have been 
mainly in the wrong, and it is my present observations that have 
convinced me of this. That is the question of the mode of 
conjugation of the chromosomes. Here there are two main 
opinions. The one, founded by von Winiwarter (00), is that of 
parallel conjugation of the chromosomes, known as parasyndesis 
(Hacker) or parasynapsis (Wilson). This view, which now 
enjoys much the greater support, goes to show that after the last 
spermatogonial mitosis the chromosomes become very delicate 
slender threads, the leptotene condition (von Winiwarter; lepto- 
nema, Grégoire); these then approximate themselves parallel 
into pairs making the zygotene condition (Grégoire; synapténe, 
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von Winiwarter; amphiténe, Janssens); the univalents then 
approximate so closely as to form thick double threads, the 
pachytene condition (von Winiwarter; pachynema or spirem, 
Grégoire) ; then each such thick thread becomes distinctly double 
again by a process of unrolling of the constituent univalents 
(diploténe, von Winiwarter; strepsitene. Dixon; strepsinema, 
Grégoire). At any period of these stages a contraction of the 
chromosomes may take place (synapsis, Moore; synizesis, 
McClung). Thus just before and after the pachytene condition 
each geminus may show a split along its length, which is the path 
of approach and retreat of the univalents and not a longitudinal 
split of univalents; a true longitudinal splitting of univalents 
does not occur until late in the diakinesis or may not appear until 
the anaphase of the reduction division. 

The other chief view of the conjugation of the chromosomes 
was introduced by me, also in 1900, and is that termed by me 
end-to-end conjugation and by Hacker metasyndesis (telosy- 
napsis, Wilson). I interpreted the phenomena in this sense first 
for Peripatus, later also for Euschistus, Plethodon, Syrbula and 
Lycosa. It maintains that shortly after the last spermatogonial 
mitosis the chromosomes conjugate end to end, or, in the case of 
ring-shaped ones, by both ends, and that subsequently (my postsy- 
napsis stage, equivalent to the diplotene) each univalent element 
becomes longitudinally split. This view gives no satisfactory 
explanation of the pachytene condition. 

The observations of the present paper are in accord with the 
view IID, which implies parasyndesis with prereduction. My 
original conclusion was right that in the species examined by me 
the chromosomes are paired end to end in the first maturation 
spindle and in the late prophase, whereas in most other cases they 
' lie in these stages in parallel juxtaposition. But I made my 
error, as Grégoire has pointed out, in overlooking or giving scant 
attention to most of the stages preceding the pachytene condition, 
which are necessarily the decisive ones; I also employed too low 
powers of magnification for such delicate determinations. During 
the past year I have also convinced myself of the occurrence of 
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parasyndesis in Plethodon such as Janssens had described for 
this object and the Schreiners for Salamandra. 

The main difference between the views of parasyndesis and 
metasyndesis lies in the interpretation of the longitudinal cleft 
of the gemini. 

The question has been much discussed as to Bal what takes 
place during the conjugation (zygotenia) of the chromosomes; 
whether there is actual fusion of them, or substance interchanes 
or simply a close interlacing. The phenomena in Euschistus 
do not indicate any fusion of the conjugants, for it is generally 
possible to distinguish the two components of each geminus even 
in the iam conditions. I have compared (’01) this process - 
with the conjugation of Protozoa, and it may indeed be the same 
as in the conjugation of two Paramaecia, the two individuals 
being for a while so closely apposed that no line of demarcation 
can be seen between them, while afterwards they separate into 
the same two individuals as before. In the Ciliata there is inter- 
change of substance between the conjugants, so that one would 
anticipate a similar process in the case of conjugating chromo- 
somes, but this cannot be determined without instituting careful 
microchemical studies upon the chromosomes before and after 
the pachytene stage. 

A minor point remaining to be mentioned is that in Euschis- 
tus the nucleus of the mature sperm is a cylinder of chromatin 
around a central core of karyolymph, and is not a solid mass of 
chromatin. <A similar condition was noted by Baumgartner 
in Gryllus (02). For the most part describers of insect sperm- 
atogenesis have delineated the chromatin of the nucleus as dis- 
integrating into fine granules which later condense into a solid 
mass. This matter is worthy of some consideration by those 
interested in microchemical studies of sperm heads; for these are 
by no means pure chromatin, as sometimes supposed, but con- 
tain some cytoplasm, the substance of the perforatorium, and a 
considerable amount of karyolymph. 
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THE ALLOSOMES 


A. The idiochromosomes and the discharge from the sperm nucleus 


These are those modified chromosomes called ‘chromatin 
nucleoli’ by me in 1898 and 1901, and ‘diplosomes’ in 1906 and 
1910. They correspond exactly to the bodies termed by Wilson 
‘jdiochromosomes,’ and I believe his term is preferable to either 
of mine in the present instance.® 

The behavior of these bodies was correctly described by me 
for the later growth period in 1898, their behavior during the 
maturation divisions first correctly elucidated by Wilson, and 
their main features have been later redescribed by me (06, 710). 
In the present paper are presented some facts on their behavior 
in the spermatocytes, and more especially their relations during 
the histogenesis of the sperm that has not been heretofore 
examined. 

In resting stages of the spermatogonia (figs. 1, 3,) they can- 
not be recognized, and there presumably compose a part of the 
nuclear reticulum; nuclear bodies that I had previously (’01) 
supposed to represent them in these cells I now believe to be the 
minute chromosomes (7m). 

The whole history of the spermatocytes, and particularly of the 
second maturation division, proves there is a pair of idiochromo- 
somes of unequal volume, and these, together with the twelve 
autosomes, compose the fourteen elements of the spermato- 
gonial mitoses (fig. 2); the smallest of the bodies is the smaller 
idiochromosome (d), but which is the larger cannot be told at 
this time, though it is probably one of the three next in size. 
Both idiochromosomes must divide in these mitoses, for all sperm- 
atocytes receive fourteen chromosomes, as we have seen while 


8 In ’06 the word ‘diplosome’ was applied by me to allosomes that occur in pairs 
in the paternal germ cells, diplosomes being a collective term for the two sets of 
structures that Wilson had distinguished as idiochromosomes and microchromo- 
somes; a monosome would be an unpaired allosome. I was well aware at that time 
that the name ‘diplosome’ had been previously employed for pairs of centrioles, 
but in that particular sense had fallen into abeyance in recent years. 
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considering the autosomes. The smaller idiochromosome is 
marked by the letter d in the early spermatocytes of figs. 5 to 9, 
here distinguishable by its size alone. In the cyst from which fig. 
9 was made several nuclei exhibited this element in the form of 
a small rod, as there shown. As the autosomes become less 
compact and with Hermann’s triple stain change from red to 
violet in their color, the idicchromosomes become distinguishable 
by remaining more dense and continuing safraninophilous. ‘Thus 
in figs. 13, 15, 18-20 an idiochromosome is readily discernible, 
but whether this single one is the large idiochromosome, the smaller 
in that case being hidden, or whether this is the smaller, could not 
be told with certainty. But from the stage of fig. 22 on, both of 
them can be recognized whenever the whole nucleus lies within 
the section. From these stages until the late prophases following 
they continue in contact with the nuclear membrane, but maintain 
no particular location upon its surface. They are at first sepa- 
rated from each other (figs. 22, 23, 27), but later come together 
(figs. 26, 28-30, 33, 34, 36-40, 42, 44, 48-56). But there is either 
variation in the time of their conjugation, or else it may be that 
after an initial conjugation they may undergo a temporary separa- 
tion; thus they are seen separated in figs. 41, 46, 47. At first 
they are rather irregular in form (figs. 22, 23,25, 26), then become 
more or less straightened (figs. 28-30, 36, 38, 39, 42); perhaps 
they are not so variable in form as the optical appearances suggest, 
for the supposed variation may be due in part to the angle of 
vision. Occasionally one or both may seem bilobed, perhaps 
an indication of a process of longitudinal splitting (figs. 42, 44— 
46, 48, 50, 51, 55; see also fig. 6 of my paper of 701). Each rounds 
up later and develops a clear vacuole within its interior (fig. 58). 
At the same time the two that had been rather loosely apposed 
become compacted together, so that from the stage of fig. 57 on 
until the late prophases a bivalent idicchromosome (Dd) is found 
in most nuclei (figs. 59-68, 69, 70). The bivalent idiochromosome 
sometimes exhibits two vacuoles (fig. 59) which evidently corre- 
spond to the two of the separated idiochromosomes of fig. 58, but 
more usually contains a single vacuole; this larger vacuole is 
then probably a fusion of the two single ones accompanying the 
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close juxtaposition of the two idiochromosomes. ‘The growth in 
dimensions of this bivalent idiochromosome seems to be due to the 
amount of the vacuolar substance, for the safraninophilous periph- 
ery continues dense and compact. In the following prophases 
this separates again into its two components which have the same 
relative sizes as before their conjugation, indicating that the two 
had not fused. Fig. 68 shows the beginning of this separation 
and fig. 69 is possibly an earlier stage of it; in figs. 71-73 the two 
are completely separated, and from this time on the larger one 
(D) continues as before to lie against the nuclear membrane, but 
the smaller (d) comes to float within the nuclear cavity. A 
little previous to their separation the contained vacuole decreases 
in size (compare fig. 63 with figs. 64-70, 72, 73), and then com- 
pletely disappears (figs. 71, 75, 78). The smaller idiochromo- 
some never shows a vacuole after it has separated from the larger, 
and it appears regularly rounded, while the larger is lengthened. 
‘The smaller one (d) becomes distinctly recognizable among the 
other chromosomes by its smaller volume (figs. 83-86), and 
becomes contricted—probably a longitudinal splitting (fig. 85). 
~The larger one (D) may be distinguished by its dense structure 
- up to the time of fig. 81, but when the autosomes have become 
compact it can no longer be distinguished from them (figs. 83-86). 

Their behavior during the maturation mitoses need be only 
- briefly outlined, and for the sake of completeness, for this was 
fully described by Wilson. Only the smaller idiochromosome 
(d) can be recognized during the first mitosis, and by its charac- 
teristic small size (figs. 88-94, 96). It divides by itself, therefore 
equationally, and is usually placed peripherally in the chromo- 
some plate (figs. 90, 91). The larger one also divides and sepa- 
rately from the smaller, because each second spermatocyte 
receives a total of eight larger chromosomes, namely, six auto- 
somes and two idiochromosomes. Both may be recognized with 
certainty in the second spermatocytes, for there both are uni- 
partite while each autosome is a dyad. Fig. 96, an anaphase of 
the first mitosis, shows only the smaller (d), but both (D,d) in 
figs. 97 and 98 (the latter a polar view of one chromosomal plate). 
In the equator of each second spermatocyte they conjugate again 
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(D,d, fig. 101, polar view), there composing a bivalent body that 
divides reductionally in that the larger idiochromosome goes into 
one spermatid and the smaller into the other (D,d, figs. 102, 103). 
Polar views of the anaphase of this second maturation division 
show, accordingly, the smaller idiochromosome in one sperma- 
tid and the larger in the other (figs. 105, 106). 

In each spermatid the idiochromosome comes to lie in the 
nuclear vacuole apart from the autosomes, and differs from them 
by its more rounded form (D,d, fig. 110). The idiochromosome 
of each spermatid nucleus continues central (figs. 111-116), 
while the autosomes assume a peripheral position.2 The idio- 
chromosomes become connected with fine threads and chains of 
minute globules. Later they become much more irregular in 
form (D, figs. 117-127); each generally seems like an irregular 
rod, but often as two or three separate portions that may be sec- 
tions of such a rod. In one case an idiochromosome had the 
appearance of a ring surrounding a granule (fig. 124). During 
this period also they lose their affinity for nuclear stains and 
appear pale. The nuclear contents appear highly variable, but 
the idiochromosome may always be distinguished from the 
threads and minute globules as well as from the peripheral chro- 
matin. 

Then follows the sudden disappearance of the idiochromosome. 
It first approaches the centriolar pole of the nucleus, as seen 
in figs. 126, 128 to 180. Then the autosome envelope of the 
nucleus opens widely at that pole and the nucleus undergoes a 
marked shrinkage in size (figs. 180 to 135). It is rarely that one 
finds the condition of figs. 1381 and 132 with nuclear material 
evident in its outward passage, from which I judge the process 
must take place very rapidly. It is also rare to find any trace 
of exuded nuclear material within the cytoplasm (figs. 131-134) 
though I have sought for it with a variety of staining methods. 
It is to be noted, however, that immediately following this stage 


® From the stage of fig. 115 on I have marked the idiochromosome by the capital 
letter D, though in these later stages it seems impossible to say for a particular 
nucleus whether it is the larger or the smaller. 
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half of the sphere (Pf) which had previously stained faintly now 
stains deeply, which might imply that the discharged nuclear 
substance had combined chemically with that portion of the 
sphere. Yet against such an interpretation it is to be remarked 
that the nuclear discharge seems always to be effected on that 
side of the centriole (c) directed away from the sphere (Sp, 
figs. 131 to 134). This matter was also studied by me in living 
sperm and in them I was able to find all the appearances shown in 
the drawings of fixed and stained material, though in life I could 
neither see the nucleus becoming visibly smaller nor see any 
substance passing out of it. Therefore the temporary withdrawal 
of the envelope of chromatin from the centriolar pole and the 
diminution of nuclear volume is an entirely normal process, in 
no way an artefact; and in life, quite as clearly as in sections, is 
to be seen the condition of fig. 135, with one pole of the nucleus 
quite clear as though substance had passed out of it, a condition 
in marked contrast to that of figs. 125 to 1380. There is some 
doubt as to the nature of the discharged nuclear material, especi- 
ally since no definite trace of it persists in the cytoplasm and there 
is no evidence that it is thrown out of the cell. But there is some 
indication that the idiochromosome is ‘at this time either elimi- 
nated from the nucleus, or else changes its nature to such an 
extent that it can be no longer distinguished. For, omitting from 
consideration the appearances of discharge shown in figs. 131 to 
134 it is remarkable that after the nucleus has shrunken in size 
(figs. 135 to 147) it never shows a trace of the large granular idio- 
chromosomes. The fact is that the idiochromosome is clearly 
evident up to the time of the nuclear discharge, while after then 
it can no longer be seen. 

After the discharge from the nucleus its contents are sparse 
achromatic globules and threads (figs. 135 to 148), later very 
fine granules (fig. 144), while in the mature sperm head (fig. 147) 
the nuclear sap appears nearly homogeneous. This nuclear 
shrinkage takes place on all sperm without exception. 
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B. The minute chromosomes 


This non-committal term is given provisionally to these cor- 
puscles. . 

In the rest stage of both generations of the spermatogonia the 
nucleus contains two minute dense bodies of different volume 
(m, figs. 1 and 3) that stain deeply with basic stains and may 
thereby be distinguished from the plasmosome (Pl) as well as 
from the general reticulum; with Hermann’s triple stain they show 
bright red, the reticulum violet and the plasmosome brown. 
These were described by me in 1901, and then I sought to identify 
them with the idiochromosomes of the spermatocytes. But 
such identification must be considered erroneous, for both of 
these bodies are much smaller than the smaller idiochromosomes, 
as can be seen by comparing the latter (d, fig. 2) with the former - 
(m, ties 1). 

On polar views of spermatogonial spindles I have not been able 
to recognize them with certainty, nor yet during the growth 
period of the spermatocytes, probably on account of their small 
dimensions. But in the late prophases of the first maturation 
division they reappear to the number of one or two, never more 
(fig. 86, m). I have never seen more than a single one in any 
first maturation spindle; sometimes it is the larger one that is 
seen (fig. 90, m), sometimes the smaller (fig. 91, m). These come 
to lie within the chromosomal plate (figs. 88, 90-93), never out- 
side of the spindle, thus behaving like true chromosomes.!° They 
lie in the equator of the metaphase of the first division, but pass 
undivided into the second spermatocytes (fig. 96). In the second 
maturation spindle they cannot be recognized, whence we may 
conclude that they either become attached to one of the other 
chromosomes, or else come to lie outside of the spindle, in which 
case they would be indistinguishable from mitochondria; the 
former alternative is probably correct, for that was found by me 


10 Tt is an important criterion of chromosomes that they are integral parts of the 
spindles, while yolk globules, chromatoid corpuscles and mitochondria always 
lie outside of the nuclear portion of the spindle—the portion composed of the man- 
tle fibers that are directly derived from linin. 
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in other testes (’10a). I have made some counts to determine 
their constancy. In testis no. 265 one was seen in seventeen out 
of thirty polar views of the first maturation metaphase, but none 
in sixteen polar views of the second; in testis no. 282 one was 
observed in seven out of twenty-eight polar views of the first 
maturation. but none in twenty-seven polar views of the second. 


C. Discussion 


There are two kinds of allosomes, the minute chromosomes and 
the idiochromosomes. 

The minute chromosomes would appear to be allied to the very 
small chromosomes called by Wilson the microchromosomes of 
such forms as Anasa, but they differ from them in not dividing 
in the maturation mitoses. Minute chromosomes were described 
by me before (’10a) in another testis (no. 120) of the same species, 
and there they were frequently attached to other chromosomes 
during the maturation divisions: they were then termed by me 
‘supernumerary’ chromosomes. On account of their minute 
volumes little can be ascertained of their behavior, but the fact 
that they do not appear to divide might indicate that they are 
degenerating idiochromosomes. 

The idiochromosomes proper are not recognizable in the resting 
nuclei of the spermatogonia, for what I had previously (’01) 
supposed to be idiochromosomes in these cells I now find are the 
minute chromosomes. The idiochromosomes thus come to behave 
differently from the ordinary chromosomes first in the spermato- 
cytes, in agreement with my earliest account of 1898. 

One of the most interesting facts determined is the discharge of 
a considerable volume of material from the nucleus during the 
histogenesis of the sperm. A sudden shrinkage of the sperm 
nucleus just before it begins to elongate has been described or 
figured for a considerable number of insects, thus by Henking 
(91), Gross (04, ’06), Paulmier (99), Buchner (’09), Wassilieff 
(07), Davis (08), McGill (06), Cook (10), Jordan (’08), Pantel 
and de Sinéty (06), Boring (’07), while Otte (07) has called par- 
ticular attention to it. It would then appear to be a common 


762 THOS. H. MONTGOMERY, JR. 


phenomenon in insects, and judging from Meves’ (00) figures of 
Paludina, the sperm head would appear to shrink there also. 
. In Euschistus it is at about this stage that the idiochromosome, 
up to that time very distinct in the centre of the nucleus, dis- 
appears from view, either it is then discharged from the nucleus, 
or else it then becomes so changed physically that it can no longer 
be recognized. Now we know that allosomes invariably enter 
into the composition of the sperm nucleus, and generally occupy 
a position near its middle, from the studies of Henking, Gross, 
Otte, Buchner, Gérard (’09), Davis, Paulmier, Stevens (’05, ’06, 
10), Boring and Wallace (’09). Some of these investigators 
have been able to trace the allosome only during the earlier part 
of the histogenesis of the sperm, and so far as I can learn no one 
has been able to identify it within the mature sperm. But some 
have beén able to distinguish it within the sperm head after the 
nucleus has contracted, as Henking, Gross (’06), Jordan, and Otte, 
and we know positively from the studies of Morrill (10) that 
the sperm carries allosomes into the egg. By analogy with these 
cases it may be that the idiochromosome of Euschistus remains 
within the sperm nucleus even after the latter has discharged 
substance, but whether it does or not it certainly disappears from 
view at that time. 


THE PLASMOSOMES 
A. Observations 


These were correctly described Py me in 1898 and there is 
little to add to that account. 

In the spermatogonia one or two occur in the resting nucleus 
(figs. 1 and 3). In the spermatocytes they may be readily dis- 
tinguished from the idiochromosomes by their staining reactions 
and form: they stain brown or pale violet and the idiochromosomes 
red after Hermann’s triple stain, and, after Delafield’s haematoxylin 
and eosin, they stain red and the idiochromosomes blue. With 
iron haematoxylin they may either stain as deeply as the idio- 
chromosomes or paler, dependent upon the degree of extraction 


, 
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of the stain. Both may be readily distinguished in life during 
the growth period. 

In the spermatocytes they are almost invariably single, rarely 
double, in number, and appear first as flattened discs upon the 
inner surface of the nuclear membrane (figs. 8, 14). Generally 
they are not recognizable at such early stages, usually not until 
about the commencement of the leptotene condition. They 
maintain this peripheral position, increasing in size until well 
into the strepsinema stage (figs. 26, 29-33, 35, 37-39, 42, 43, 
45-47, 50-52)." It is to be noticed that their exact position 
upon the nuclear membrane is quite variable, save that they are 
rarely near the chromatin plate and never in contact with the 
idiochromosomes. They later change this position to become 
free within the nuclear cavity (figs. 53 to 68). In the prophases 
of the first maturation division they become smaller and gradually 
disappear without a trace before the autosomes have taken their 
definitive forms (figs. 69 to 73 and 75). No plasmosomes seem 
to be produced during the histogenesis of the sperm. 

During the growth period there are certain constant relations of 
the plasmosomes to the autosomes. As long as the plasmosomes 
remain against the nuclear membrane they are in contact with 
radiating strands of the chromatin (autosomes), as shown in 
figs. 14, 22, 26, 29-33, 37-39, and most frequently the condition 
is that of the chromatin ending with a broadened plate upon the 
surface of the plasmosome (figs. 22, 29, 32, 37, 39); thus the plas- 
mosome frequently appears much darker than it really is by reason 
of the covering of chromatin. Usually not more than two 
autosomes make this connection, frequently only one, and this 
connection is the more noticeable because, during these stages, 
autosomes haveno other regular peripheral attachment except with 
the chromatin plate that lies next the idiozome. When the plas- 
mosome has grown much larger it loses its connection with auto- 
somes (figs. 42 to 52); and after this contact has become broken 
the plasmosome continues to increase in volume, so that its growth 


11 Jn the nuclei of figs. 47 and 50 they appear to lie free within the nuclear 
cavity, but this is simply-because they are not seen in profile. 
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cannot be dependent upon such contact. After it has moved into 
the nuclear cavity it establishes a second connection, this time 
with a number of autosomes (figs. 58, 60 to 63), a connection that 
becomes lost when the autosomes take their places upon the 
nuclear membrane and leave the plasmosome behind them. It is 
just at this time that the plasmosome reaches its maximum size 
and shows the most irregular form. As the autosomes separate 
from it, which commences at the stage of fig. 63, the plasmosome 
becomes much paler and remains pale until it finally disappears 
by dissolution. 

Thus the plasmosome of the spermatocytes has a twofold con- 
nection with the autosomes, first during its early growth, and 
second during the time of its greatest volume. 


B. Discussion: Genesis and kinds of nucleoli 


Though Foot and Strobell (09) have denied the concomitant 
occurrence of idiochromosomes and plasmosomes in spermato- 
cytes of this species, I believe my observations of 1898, confirmed 
by the present ones, settle the matter beyond a doubt. 

The plasmosomes of all cell generations examined disintegrate 
during the prophases of mitosis, and thus are not persisting cell 
organs. In the spermatocytes they arise in close contact with the 
nuclear membrane, and at the same time in connection with the 
end of an autosome, which would suggest that the plasmosome 
is either the joint product of chromatin and cytoplasm, or 
else represents substance taken up by the nucleus from the cyto- 
plasm—this latter view being expressed by me in 1899 aftera 
study of the genesis of plasmosomes in young oocytes of Nemer- 
tini. These phenomena would indicate that the first produced 
portion of the ground substance of the plasmosome may be 
derived from the cytoplasm, and that this process may be 
directed by a particular autosome, for the plasmosome is not 
produced at any point where chromatin touches the nuclear 
membrane, thus never in the region of the chromatin plate that 
lies at the idiozome pole. However, it is to be noted that in Eus- 
chistus the plasmosome undergoes its greatest growth after it had 
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sunk into the nuclear cavity. Chubb (’06) has criticized my view 
that the ground substance of the plasmosome may be of cyto- 
plasmic origin; but then he was admittedly unable to trace its 
first origin in oocytes of Antedon, and considered it especially 
in later stages when it has a chromatin envelope. 

After the plasmosome has separated from the nuclear membrane 
it becomes for a second time connected with the autosomes, and 
in such a way that the latter radiate towards and end upon its 
surface; in its later history, accordingly, it would seem to stand 
in closer metabolic relation with the chromatin than before. 
Maziarski (’10), in a detailed study of the plasmosomes of gland 
cells, considers them to have the function of elaborating true 
chromatin to take the place of that eliminated into the cytoplasm. 

It may be of service to characterize and define the various kinds 
of nucleolar structures of metazoan cells, for there is still much 
confusion regarding them. As ‘nucleolar structures’ are here 
meant all the larger, generally more or less spherical, inclusions of 
the vegetative nucleus, with the exception of the two following 
that are of strictly chromosomal nature: karyosomes, which are 
thickenings of the nuclear reticulum, and allosomes, or modi- 
fied chromosomes. Leaving out of consideration the karyo- 
somes and allosomes, nucleolar structures may be classified as 
nucleoli and as karyospheres. 

Nucleoli are bodies that do not contain the nuclear reticulum, 
and from which chromosomes do not emerge. They may be 
subdivided into three groups, according to the distinctions made 
by Carnoy in 1884 which the modern researches are tending to 
corroborate. (1) The ‘plasmosomes’ of Ogata, correspondent 
with Carnoy’s ‘nucléoles plasmatiques’ and my true nucleoli; 
these are always acidophilic. (2) ‘Chromatic nucleoli’ or ‘chro- 
matoids,’ correspondent with Carnoy’s ‘nucléoles nucléiniens;’ 
they take chromatin stains, sometimes more intensely than 
the chromatin, but often with a different tone of color. It is 
only by a study of their history and fate that we can distinguish 
between these and karyosomes. Chromatoids are often opposed 
to plasmosomes to compose so-called ‘double nucleoli,’ as in 
germinal vesicles of certain annelids, molluscs and arthropods. 


JOURNAL OF MORPHOLOGY, VOL. 22, No. 3 


766 THOS. H. MONTGOMERY, JR. 


(3) Mixed nucleoli, those composed of a mixture of plasmosome 
and chromatoid substance; Maziarski and others consider these 
an intermediate stage between the other kinds of nucleoli. 

We will adopt Blackman’s term of ‘karyosphere’ to denote 
compounds of nucleoli, of whatever kind, with chromatin retic- 
ulum or chromosomes. Karyospheres are therefore containers 
of some or all of the chromosome substances, and correspond in 
part with Carnoy’s ‘nucléoles-noyaux.’ In the germ cells they 
are limited mainly. to primary oocytes and spermatocytes. The 
following kinds of them are known: 7 

(1) Combinations of plasmosomes and allosomes, in which the 
latter are more generally apposed to, more rarely imbedded in, - 
the plasmosome. These are frequent in insect spermatocytes, 
especially in Hemiptera. They are separate from the nuclear 
reticulum, and from autosomes. 

(2) Associations of plasmosomes with both autosomes and 
allosomes, best known in the spermatocytes of myriapods after 
the researches of Blackman (’03, ’05, ’07) and Medes (’05). 
These may at certain stages contain all the staining substance of 
the nucleus. In some myriapods the plasmosome constituent 
would seem to be lacking. They are the most complex of all 
nuclear structures. 

(3) Associations of autosomes or ordinary chromosomes with 
a plasmosome, which differ from the preceding kind in lacking 
allosomes. These are known in germinal vesicles of certain echin- 
oderms, mammals, araneads, and Paragordius, and spermatocytes 
of certain insects. Their genesis is as follows: A nucleolus de- 
velops, more or less of the nuclear reticulum moves into it, and in 
the prophases of mitosis chromosomes emerge from the nucleolus. 

As incipient karyospheres of the third kind might be considered 
cases where chromosomes terminate against nucleoli without 
being wholly enclosed in them. Such are the chromoplasts of 
Batrachoseps, according to Eisen (’00) and Janssens (’05); and 
such also would be the nucleolar relations we have described in 
Kuschistus.” 

#2 Nichols (710) has tried to relate the different kinds of nucleolar complexes, 


and refers them all to the common physiological basis of a transfer of chromatin 
material to, and a later withdrawal of it from, the plasmosome. 


SPERMATOGENESIS OF EUSCHISTUS 767 


THE CHROMATOID CORPUSCLES 


These are the bodies that were called yolk globules in my paper 
of 1898. They are rounded bodies within the cytoplasm, which 
stain in general like the plasmosomes, 7.e., red after Delafield’s 
haematoxylin and eosin, and red after the Ehrlich-Biondi triple 
stain, with which the chromatin stains blue and green respectively. 
But with the triple stain of Hermann they color with safranin, 
while the plasmosomes are pale violet, and with iron haematoxy- 
lin the latter stain intensely black. At the time of their first 
appearance in the first spermatocytes they lie usually near the 
nuclear niembrane (ch. c, figs. 59, 63). Through the prophases 
of the first maturation mitosis they are regularly seen (figs. 65, 
66, 71, 85). During the maturation mitoses they lie outside of 
the spindle and do not divide (figs. 87-89, 92, 98, 95, 99-104, 
107, 109, 111). In the second mitosis it is not uncommon to 
find several of them in one daughter cell and none in the other 
(figs. 104, 107-109), or again they may be found in both, thus their 
apportionment to the spermatids seems to be a matter of chance. 
During the histogenesis of the spermatids they occur in variable 
positions (figs. 111, 112, 115, 116, 117-120.) Later than the 
stage of fig. 124, which shows one close against the nucleus, I 
have not been able to see them. 

The name ‘chromatoider Nebenkérper’ was introduced by 
Benda (91) for similar bodies in mammalian spermatocytes. 
They have been more fully treated especially by Lenhossék 
(98), the Schreiners (’05, ’08)-and Meves (’99). The Schreiners 
have reviewed the literature, and find that in Myxine the chro- 
matoid corpuscle is produced by the fusion of several ‘chromatoid 
nucleoli’ (distinguishable from paler nucleoli) that emigrate from 
the nucleus of the first spermatocyte; this corpuscle persists in 
the cytoplasm into the spermatid, and in the latter eventually 
wanders back into the nucleus. They were the first to have 
described its nuclear origin and nuclear return, while Meves had 
previously (’02) suggested they might be discharged plasmosomes. 
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CELL AXES, CENTRIOLES, FLAGELLA 


Each spermatogonium is distinctly bipolar (figs. 1, 3), with 
one pole occupied by the nucleus and the other by the mitosome 
and the greatest mass of cytoplasm; the long axis of the cell 
passes through these two. 

During the earlier growth period the spermatocytes show 
corresponding poles, which may be named, in accord with my 
previous terminology (’00), the central and the distal poles; 
the nucleus lies nearest the former, and there was also the cen- 
triole in the early anaphase of the last spermatogonial division, 
while the greater mass of cytoplasm and the idiozome lie at the 
distal pole. This constant polarity persists from the stage of 
fig. 5 to that of fig. 58. The primary axis of the first spermato- 
cytes is then a line joining these two poles, and the axis of the 
first maturation spindle comes to lie at right angles to it, while 
that of the second maturation spindle coincides with it. 

The centrioles of the spermatogonia (fig. 4) are exceedingly 
minute, and I have not restudied them with any particular 
attention. They were rather fully described in my paper of 
1898, but with too low powers of magnification for exact demon- 
stration. ‘They could not be seen in the spermatocytes until the 
idiozome had disintegrated. During the earlier growth period 
it is probable they lie within the idiozome, judging by analogy 
with the phenomena in other animals and for reason of the fol- 
lowing facts. In figs. 46 and 47, illustrating the separation of the 
halves of the disappearing idiozome (id), the nucleus is pointed 
at the idiozome pole; and in fig. 50, which shows the remains of 
the idiozome far separated from each other, the nucleus exhibits 
two correspondent projections. Such nuclear projections in 
these cells indicate the presence of centrioles, even though these 
are invisible, for in later stages, when centrioles become visible, 
the nuclear projections are always directed towards them. There- 
fore it follows from the appearances just described, that the cen- 
trioles have moved from the central pole of the nucleus to occupy 
a place within the idiozome at the distal pole, and that the cen- 
trioles leave this position within the idiozome in the primary 
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axis to take places to the right and left of this axis, carrying the 
remains of the idiozome with them. The earliest stage showing 
the centrioles is given in fig. 54, showing the centriole (c) upon the 
cell membrane; this cell contains still a trace of the sphere (Sp) 
but no remnant of the idiozome. Subsequently a pair of centrioles 
is found to the right and another pair to the left of the primary 
long axis (c, figs. 57-59). <A line joining these centriole poles 
is at right angles to the previous primary axis, as seen by com- 
paring figs. 57 and 58 with fig. 52. Each pair of centrioles lies 
in contact with the cell membrane, at the base of an indenta- 
tion; a line joining the two centrioles of a pair is usually oblique 
to the surface of the cell at that point. No flagella were found 
attached to the centrioles of the spermatocytes, not even in cells 
examined in life. 

As the pairs of centrioles come to occupy the positions described, 
two conspicuous movements of cell parts result, as one finds on 
examination of figs. 57-59, 61-63, 65, 66, 71, 84, 85. The first 
of these is that the original distinction between central and dis- 
tal poles becomes more or less obliterated in that the cytoplasm 
mass becomes almost as great at the former as at the latter pole, 
or in other words, the nucleus becomes more central. The second 
is that the nucleus becomes elongated in the direction of a line 
joining the centriole poles. Thus the nucleus assumes a marked 
ovoid outline, as seen best in figs. 59, 61, 63, 66, 71, 84, 85, with 
its ends pointed towards the centriole pairs. Therefore the cen- 
trioles exert a powerful attractive influence upon the nucleus, 
before any spindle fibers can be seen. 

The centriole pairs maintain their positions on the cell mem- 
brane until the stage of fig. 84, after which they sink into the 
cytoplasm. Fig. 85 shows one centriole pair still upon the sur- 
face, the other within a cytoplasmic knob, and fig. 86 shows both 
pairs close to the nucleus. Fig. 86 is interesting in showing a 
persisting primary axis, with the centrioles to the right and left 


13 In my previous studies centrioles were not found in these cells until the late 
prophases. 

44 Tn fig. 65, I could not be certain whether the centrioles lay upon the surface 
or beneath it. 
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of it, the central pole being uppermost and the distal lowermost 
in the drawing. When the first maturation spindle is established 
each centriole pair occupies one pole of the spindle and lies deep 
within the cytoplasm (figs. 87-89, 93-97). At the close of this 
mitosis the two centrioles of each pair, without dividing, move 
apart from each other, as described in detail in my paper of 
1898, to constitute the poles of the second maturation spindle 
(figs. 102, 103). In this second mitosis, accordingly, each spindle 
pole has but a single centriole. 

During the anaphases of the second maturation division 
(figs. 104, 106-111) the centrioles become exceedingly small so 
that it is difficult to see them. But in each early spermatid a 
minute centriole may be seen at the central pole of the cell (¢, 
figs. 112, 113) in contact with both cell and nuclear membrane. 
To each centriole is attached a short flagelliim that projects from 
the cell surface. The centriole then moves with its flagellum 
around the nucleus to the distal end of the latter, figs. 114 to 120, 
exhibiting successive stages of this movement. As the centriole 
passes along the nuclear surface it rapidly increases in size, and 
its flagellum grows in thickness and length. Thus the centriole 
comes to lie against that part of the nuclear membrane which 
lacks the chromatin envelope, at the base of a small pit formed by 
an invagination of the cell wall. Such spermatids are distinctly 
bilateral, with the central pole occupied by the sphere (Sp), 
the distal by the mitochondrial body, and the centriole in a plane 
separating 4 right and left side; figs. 118 and 110 show spermatids 
from lateral view, and fig. 119 one from dorsal or ventral aspect. 
As the mitochondrial mass elongates and becomes divided length- 
wise (figs. 121-123) the flagellum come to extend from the cen- 
triole backwards between the mitochondrial moieties to project 
free at the distal end of the cell. I could not determine whether 
the flagellum thereby sinks into the cytoplasm, or whether it 
becomes placed within a longitudinal groove which closes later: 
but the latter is more probable, judging from the conditions 
shown in figs. 118 and 120, which indicate a groove along that 
side of the cell nearest the mitochondrial mass. So soon as the 
flagellum comes to lie between the halves of the mitochondrial 
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body, it occupies the long axis of the spermatid, and from now 
on may be termed the axial thread. This thread is now a fibril 
which in life exhibits no vibrations but is extended out straight 
from the cell, in marked distinction to the motile pseudopodium 
that will be described later; it has been drawn bent in figs. 121-126 
simply to save space in the drawings, but in life such bending is 
not seen. It would appear at this time to be of the nature of a 
skeletal rod to give firmness to the growing tail of the sperm. I 
have not drawn the whole tail of the sperm later than the stage of 
fig. 126 because it soon reaches a great length. But the axial 
thread can be recognized from this time up to the mature sperm 
(fig. 147) as a fine, deeply staining line extending from the head of 
the sperm backwards along the tail, enclosed in a mantle of 
mitochondrial substance. . 

In the stages of figs. 127-137 the centriole (c) is somewhat 
excentric; the axial thread is attached to one edge of it, on its 
opposite side lies the sphere (Sp). In figs. 121 to 125 the sperm 
is shown in dorso-ventral aspect, in lateral aspect in the other 
drawings. 

The centriole grows rapidly and becomes transversely elongated 
(figs. 124-137), and stains deeply throughout this period. Then 
it assumes a more irregular form (figs. 129, 131, 134, 136) as though 
it had divided into a plate of two or more smaller portions, but 
I have not been able to assure myself of the presence of distinct 
parts. Later it shifts the position of its long axis and penetrates 
somewhat into the nucleus (figs. 140, 141). Then it suddenly 
changes in appearance, showing one of two clear vacuoles, becom- 
ing very refractive; at the same time its appears constricted and 
pushes further into the nucleus (figs. 142, 143). In astage slightly 
later (fig. 144) a single, rather small, hollow centriole is seen within 
a clear space in the nucleus. In later stages (figs. 146, 147) no 
centriole can be found. It is difficult to interpret this sudden 
seeming disappearance of the centriole. The conditions of figs. 
142 and 143 would indicate that it is undergoing division, with 
a vacuole in each moiety. In the next stage the anterior portion 
would seem to have moved still further into the head. The other 
half may originate that lightly staining body placed in the head 
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at its junction with the tail (figs. 144, 146), which may sometime 
be recognized in the mature sperm. 

Without relation to either centriole or axial thread is developed 
a cytoplasmic process or pseudopodium at the distal pole of the 
spermatid (figs. 114-116; 117-124). A similar structure does not 
seem vod have been described for any other flagellate sperm. I 
was unable to see it in fixed material, but in living cells it is most 
apparent, and indeed both it and the axial thread were added to 
my drawings from the study of living material. This pseudo- 
podium has some resemblance to that of a Heliozoan, beating 
slowly back and forth in the medium, bending and straightening. 
It is considerably thicker, especially at the base, than the axial 
thread. I could not find it in either living or fixed material 
later than the stage of fig. 124, so that 1t would seem to be a tem- 
porary organ of locomotion which may be of service in grouping 
the immature sperm into bundles. 


CYTOPLASMIC STRUCTURES 
A. Mitosome and cell plate 


All the spermatogonia possess at the distal end a body that is 
probably a derivative of connective spindle fibers of a previous 
mitosis, and therefore is probably a true mitosome; I have not 
studied its genesis, but have judged rather by analogy with other 
species. This is lettered mit. in figs. 1 and 3. It is denser than 
the rest of the cytoplasm, finely granular, and the mitosomes of 
contiguous cells are frequently fused so that ‘cell couples’ result. 
It is most evident during the rest stage but persists into the suc- 
ceeding prophases of mitosis. No mitosomes were seen in sper- 
matocytes or spermatids. 

Equatorial cell plates appear to be formed after each spermato- 
gonial mitosis (fig. 4), as well as after the first (fig. 100) and second 
(figs. 111, 112) maturation divisions. These are granule plates 
developed at the point of final separation of two daughter cells. 
They are of relatively short duration. 
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B. The idiozome 


The idiozome of the spermatogonia (id, figs. 1, 3) may lie 
against any region of the nucleus, and fig. 3 illustrates how vari- 
able its position may be. But there is here an interesting rela- 
tion not noted in my previous studies. No matter where the 
idiozome is situated, it always touches the nucleus at that wall 
where the chromatin plate is; the nature of this plate was men- 
tioned with the description of the autosomes. Therefore this 
idiozome probably stands in some intimate chemical relation 
with the chromatin plate. The idiozome is irregularly granular 
and becomes browned after osmic acid fixation but doesnot stain to 
any degree with any of the stains employed. It disappears 
during the prophases of division by breaking into smaller granules, 
that seem to be identical with the small bodies lying outside of 
the spindle (figs. 2,4). In resting cells are found smaller scattered 
granules in addition to the large idiozome (figs. 1, 3), and these 
smaller granules may be either the remains of a previous idiozome 
or else mitochondria. 

The young spermatocytes at the end of the last spermatogonial 
division (fig. 5) show no large idiozome, but merely scattered 
granules that may be the remains of the previous one. Very 
early, however, an idiozome develops in them, and throughout 
its existence it constantly maintains a position at the distal pole 
of the nucleus just where the chromatin plate lies. Fig. 6 shows 
the first appearance of the idiozome in a spermatocyte, and the 
succeeding drawings to fig. 36 represent its appearance up to the 
time of its beginning disintegration. Frequently it seems dis- 
tinctly paired, and then each of its portions seems to be related 
to a particular one of those autosomes that make the chromatin 
plate; this relation is seen in figs. 8, 11, 13, 21, 25, 28, 34. Per- 
haps it is always paired but appears so only when seen from a par- 
ticular pole. The figures also show that the spatial relations of 
the idiozome are rather closely related to the spatial extent of the 
chromatin plate, which would indicate growth of idiozome sub- 
stance within the cytoplasm corresponding to the area of the 
nuclear wall involved in the nuclear chromatin plate. But there 
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is no evidence that chromatin particles leave the nucleus in the 
region of the idiozome. 

At about the time the sphere arises in the spermatocytes the 
idiozome begins to disintegrate, whereby it becomes more coarsely 
granular and these granules become dispersed. Successive stages 
of this process are exhibited in figs. 35, 37, 39-41, 42-48, 50. 
During these changes the idiozome separates into two masses 
that, becoming smaller, move apart from each other to the right 
and left of the primary axis of the cell (figs. 39, 43-47), and finally 
come to lie near opposite sides of the nucleus (fig. 50). This 
movement, as we have seen, is probably associated with move- 
ments of centrioles, though the latter are not yet visible. In 
stages later than fig. 50 no remains of the idiozome are to be seen. 
During this time also the chromatin plate of the nucleus becomes 
disestablished, by the chromosome ends withdrawing from the 
nuclear membrane (figs. 42-47, 50). No idiozome body reappears 
in any later cell generation, nor is another chromatin plate 
established in the nucleus, which would show that the growth of 
the idiozome is determined by the chromatin plate. 


C. The spheres 


This noncommittal term is here used for two sets of structures, 
both independent of the idiozome, the one in the first spermato- 
cytes and the second in the spermatids. 

In the first spermatocytes a sphere (Sp) is first seen in the 
stages of figs. 36 and 37 about the time when the idiozome (id) 
begins to degenerate. This is a rounded body at the distal end 
of the cell, which at first may appear either darker or lighter than 
the idiozome, and may touch or be separated from the latter. It 
lies within a large cytoplasmic vacuole; indeed during the whole 
growth period the cytoplasm is markedly vacuolar. The sphere 
increases in size until it attains its maximum volume shown in 
figs. 36 to 48, after which it diminishes, becoming gradually paler 
in color and more difficult to see (figs. 49-54). It disappears 
right after the stages of figs. 55 and 57. Rather rarely two spheres 
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are seen in the same cell (fig. 43), which then have a combined 
bulk equal to that of a single sphere of the same stage.“ These 
spheres become slightly browned by osmic acid but are not affected 
by nuclear stains, consequently they are readily overlooked; 
they are seen clearest in material preserved in Flemming’s solu- 
tion for twelve hours or more. In consistency they are nearly 
homogeneous, but contain small darker particles (figs. 40, 43-45) 
during the time of their growth. 

These spheres of spermatocytes have no conjunction with 
centrioles, nor do they touch the nucleus. They seem also to be 
independent of the idiozomes. Their relations to the mitochon- 
dria will be discussed later. 

During the histogenesis of the sperm another sphere arises 
and passes through a rather complicated history. This is a 
vesicle, first noticed at the stage of fig. 114 (Sp), and is very pale 
in color after all stains; it is represented as too dark in all the 
figures. Its genesis was not determined. At first it lies to one 
side of or even behind the nucleus (figs. 114-117), after which it 
moves in front of the nucleus (figs. 118-124, 126). Then it 
passes behind the nucleus again (figs. 125, 127-134), perhaps 
carried by the flowing of the cytoplasm along the axial thread. 
It possesses at the start a clearer central vacuole (figs. 114-117) 
later this larger vacuole becomes excentric and then lies in that 
part of the sphere that touches the nucleus (figs. 119-120, 122— 
134). Within this larger vacuole may generally be found a 
minute body which stains like the ground substance of the sphere 
(figs. 118, 122, 126-134), and is perhaps compe”eh'> to the acro- 
some of other animals. At the opposite end of the sphere a 
smaller vacuole develops (figs. 119, 124, 127-134); it is frequently 
difficult to see these two vacuoles plainly. Thus the sphere 
comes to lie behind the nucleus, and in a definite position, namely, 


15 All these relations have been described as found in a particular testis, no. 282, 
in which a single sphere is the rule. But in certain other testes multiple spheres 
are frequent, so that sphere relations vary in different individuals of the same 
species. It is remarkable that in the large spermatocytes of follicles 1 and 3 no 
spheres were found. 
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to one side of the centriole, while at the opposite edge of the cen- 
triole the axial thread is rooted (figs. 127-134). By reason 
of the inclusion of two vacuoles of different sizes the sphere comes 
to show a bilobar form with an annular constriction, and just 
after the occurrence of the nuclear discharge it divides into two 
(figs. 185, 1386). The posterior portion (Sp.) becomes still paler 
and wanders into the tail of the sperm (figs. 185-139), often pass- 
ing a considerable distance behind the head (a greater distance 
than shown in any of the figures) ; there it becomes more and more 
indistinct, but I do not know whether it disappears entirely. 
The anterior portion of the sphere (Pf, fig. 135) suddenly becomes 
deep staining at the time of its separation from the posterior 
part, perhaps by addition to it of some of the material discharged 
from the nucleus. It separates completely from the posterior 
portion (fig. 136, Pf), then passes forward along the nuclear sur- 
face (fig. 137) until it arrives at the anterior end of the nucleus 
(figs. 138, 1389). There it becomes gradually elongated (figs. 
140-144, 146) and thus comes to compose the lance or perfora- 
torium of the mature sperm (fig. 147). The mature lance is 
frequently thread-like and branched, nearly pseudopodial, and 
penetrates into the cytoplasm of the follicular nurse cells. I could 
not determine whether there is a cytoplasmic envelope around it 
and the nucleus of the mature sperm. 

This sphere of the spermatid resembles that of the spermato- 
cyte in optical appearance and in having no connection with 
centrioles; but differs in its elaboration of vacuoles, in its changes 
of form, in its division, and especially in having a close contact 
relation with the nucleus. The evidence is that these two spheres 
are dissimilar structures. 


D. The mitochondria 


These bodies had been figured in my paper of 1898 and described 
for the growth period of the spermatocytes, under the name of the 
idiozome mass. But I did not distinguish them from the idio- 
zome and sphere, nor did I possess suitably stained slides for their 
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more thorough analysis. In the present paper I am able to 
describe them in much greater detail, thanks to the use of stronger 
powers of magnification and especially to certain very successful 
iron haematoxylin preparations. 

In the spermatogonia no evidence was found of indubitable 
mitochondria. One sees there (figs. 1, 3) scattered granules in 
addition to the mitosome (mit) and the idiozome (7d), but these 
have the same optical appearance as the idiozome material and 
therefore are probably remains of a disintegrated idiozome of 
a previous generation: and on sections that show the mitochon- 
dria of the spermatocytes deeply stained, these granules of the 
spermatogonia always remain pale. Further, there are certainly 
no filamentous mitochondria (chondriokonts) in the spermato- 
gonia; from which we should conclude either (1) that there are 
no mitochondria at all in the spermatogonia, or else (2) that the 
mitochondria of these cells differ chemically and physically from 
those of the spermatocytes. 

In the earliest stages of the spermatocytes (fig. 5) are found 
merely similar pale granules. But shortly thereafter there arise 
delicate deeply staining threads in the vicinity of the idiozome 
(fig. 7). They do not undergo any marked increase up to the 
zygotene stage (figs. 7-30), and are often apposed to the idiozome 
but whether actually within it is hard to determine. Sometimes, 
however, deep staining granules do lie within the idiozome (fig. 
30). There is no evidence in these earlier nor in later stages that 
they are produced by emigrated chromatin particles, in the sense 
that chromatin particles leave the nucleus bodily, and at first they 
are generally separated from the nucleus. Further, they are 
separated from the chromatin plate of the nucleus by the idio- 
zome. Just before the idiozome begins to degenerate they 
increase in length and number (figs. 31-35). Their rapid growth 
coincides more or less with the development of the sphere in the 
cell body, and with the conjugation of the autosomes in the nucleus 
(figs. 86-55), and they gradually come to extend into all regions 
of the cell body. Some of them are then usually on and within 
the sphere, others in contact with the idiozome, the most of them 
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separated from both of these bodies. Thus the mitochondria 
become scattered throughout the cell body but most abundantly 
in a perinuclear zone, as shown in figs. 42-55, 57-59, 61-63, 65, 
66, 71, 84,85. So far as could be determined they are unbranched 
threads, though often twisted and angularly bent. What their 
number is was not ascertained, the drawings representing with 
fidelity only the majority of those present in a particular plane of 
some thickness and only those seen with the greatest distinctness. 
Thus they come to make a thick mesh. In general they are bent 
around the nucleus, and mitochondria that appear on the drawings 
to terminate against the nuclear membrane do not really end so 
but curve around its surface. When the centrioles become visible 
the mitochondria in their vicinity frequently converge towards 
them (figs. 57-59, 61-63, 65, 66, 71, 84, 85). Very often they 
are so closely looped upon themselves that the enclosure of such 
a loop may present the appearance of a granule with a sharp bor- 
dering line, and this illusion is the more striking in the cases 
where the mitochondria are faintly stained; such appearances 
misled me in 1898 into supposing the mitochondria to be a mass 
of large granules. But when they are deeply stained it can be 
determined that there are no large granules in the cytoplasm 
except the chromatoid corpuscles. 

During the prophases of the maturation divisions they become, 
for the most part, smooth, continuous threads, though some 
may retain the earlier appearance of chains of granules. Each 
thread is not always of even thickness throughout but frequently 
is irregularly dilated, as I have shown in the drawings. 

I have looked to see whether there occurs in the mitochondria 
any process analogous to the process of pairing of the chromo- 
somes, but have found no evidence of it. 

The stages just described were worked out mainly upon one 
preparation, for the reason that this was most excellent for the 
examination of the sphere. The stages next to be described have 
been drawn from the sixth follicle of testis no. 265 which exhibited 
more clearly than any other the mitochondria during the matura- 
tion mitoses. In this testis they also appeared uniformly of 
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greater diameter than in any other preparation, probably because 
they were less strongly destained.'® 

Fig. 86 represents a late prophase of the first maturation divi- 
sion, showing the greater number of mitochondria present, and a 
number of these lie close to the outer surface of the nuclear mem- 
brane (not within the nuclear cavity as the figure might indicate). 
In this and the next following stage (fig. 87) they show no such 
radial grouping around the centrioles as was to be seen in earlier 
stages (figs. 71 and 85). In fig. 88 the first maturation spindle 
is established, and now as in all later stages the mitochondria 
lie outside of the mantle fibers; their peripheral disposition is 
better seen in the polar view represented in fig. 91, where only 
those parts of them are drawn that le in the equatorial plane. 
Figs. 89, 92-94, show other cells of the same stage and demon- 
strate how manifold the arrangement of the mitochondria may 
be and how they do not appear to be influenced in any way by 
the spindle or the centrioles. 

It would seem possible to count them in the stages of the first 
maturation, for at this time they are unusually distinct and large. 
But this is a matter of great difficulty on account of their great 
length and irregular twisting; thus on several occasions I have 
spent several days drawing those of a single cell. Further these 
cells are generally too large to lie wholly within the plane of a 
section, therefore it is not always possible to determine whether 
apparent ends of mitochondria may not be truncations by the 


16 The sections of testis no. 265 showed the mitochondria deeply stained only in 
follicles 1 and 6, those on the periphery which are most affected by the fixative 
(Flemming’s fluid) while in the intermediate follicles the mitochondria were only 
slightly stained, also in thicker sections they are better stained than in thinner 
ones. This illustrates how much a matter of accident it is to secure suitably 
stained preparations. Sometimes it happens that of two cells lying within the 
same cyst, one exhibits the mitochondria very distinctly while the other does 
not. Or again, certain of the mitochondria within a cell stain deeply and others 
faintly, or one mitochondrial thread may be distinct in one portion and pale in 
another, evidently dependent upon depth beneath the surface of the section. I 
have endeavored to select for drawing only those cells in which the majority of the 
mitochondria appeared deeply and uniformly stained, which has required the close 
comparison of a very large number of cells. 
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knife. The counts made on the mitochondria of these figures 


‘ resulted as follows: 


Fig. 87, one hemisphere of a cell, about 10. Fig. 88, less than 
one hemisphere of a cell, 9. Fig. 89, nearly a whole cell, about 
16-17. Fig. 92, nearly a whole cell, apparently 9. Fig. 93, 
one hemisphere of a cell, 11-12. Fig. 94, one hemisphere of a 
cell, 10. 

These counts give from 9 to 16 or 17 distinct and separate 
threads. These cells were selected as the clearest in my prepara- 
tions, the ones showing the mitochondria stained most deeply and 
uniformly, and of them that of fig. 92 was the most distinct. 

There now comes up the question how these behave during 
the division of the cell body, for they lie wholly outside of the 
spindle and do not fall under its dominion. Figs. 95 and 97 
each show the mitochondria of about one hemisphere during the 
anaphase of the first maturation mitosis; a number of them 
lie more or less parallel to the spindle, others lie near the poles, 
but none are yet dividing. In the later stage of fig. 99 all the 
more strongly stained mitochondria of the cell are drawn, but 
there is still no division of them. In fig. 100, the only good 
case of this stage with mitochondria well stained, the more in- 
tensely stained ones have been drawn, and it can be distinctly 
seen that certain of those which lie parallel to the spindle are 
breaking into two at the equator, and that the others which lie 
removed from the equator are undergoing no division at all. 
It thus results that mitochondria which happen to cross the 
line of constriction of the cell body become there broken into 
two, and that the others pass bodily without division into one or 
the other of the second spermatocytes. This happens because 
they are quite unsymmetrical in arrangement and do not 
come under the influence of the spindle fibers. Further, it 
would be extremely improbable that a particular mitochondrial 
thread that does become divided would be pinched through in its 
exact middle portion. Again, the mitochondria often appear 
more numerous at one pole of the cell than at the other. (figs. 93, 
97,99). Therefore during the first maturation mitosis there is no 
mechanism except the constriction of the cell body to divide the 
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mitochondria, consequently there is a variable and irregular 
portioning of them to the daughter cells, and it is a matter of 
chance how much mitochondrial substance goes into each of the 
latter. 

Fig. 101 shows them on a polar view of the equatorial plane 
of a second spermatocyte. Fig. 102 shows all the threads (12) 
of somewhat more than one hemisphere, and fig. 103 all (10) 
of one hemisphere of the same mitosis; in these metaphases most 
of the mitochondria are shorter than in the preceding division 
because most of them. had been divided then, but they lie quite 
as irregularly in the cell. Succeeding anaphases are exhibited 
in figs. 104, 107-109, illustrating that here the phenomena are 
essentially of the same kind as in the preceding mitosis, namely, 
those mitochondria that happen to lie across the eyuator become 
broken there by the cellular constriction while the others are 
not divided. In figs. 104 and 109 the mitochondria of only one 
hemisphere are drawn, but in figs. 107 and 108 all the mitochon- 
dria of the cell. ‘Though they are irregularly divided by the matu- 
ration divisions their relative amounts in the spermatids do not 
seem to be greatly different; the evidence is that each long mito- 
chondrial thread becomes divided in the second maturation mito- 
sis if not in the first. 

Curious protuberances of the spermatocytes are produced 
that would seem to indicate pseudopodial movements of the cell 
body during the maturation divisions. These are shown in 
figs. 88, 89, 92-95, and since all of these were drawn from cells 
floating free in the testicular cavity (except fig. 85) these cell 
processes are not due to the pressure of other cells. Similar 
protuberances are found upon second spermatocytes (figs. 102, 
104, 107); and the left hand one of fig. 104 looks as though it 
might have persisted since the stage of fig. 94. Frequently mito- 
chondria extend into such protuberances, but not always; there- 
fore they cannot be considered the producers of them. 

Towards the close of the second maturation mitosis the 
mitochondria of each spermatid commence to fuse together (figs. 
110, 111), forming an irregular mantle around the connective 
fibers of the spindle. Then those of each spermatid give rise 
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to a true ‘Nebenkern’ (figs. 112, 113), lying at the distal end of 
the nucleus. This becomes spherical, stains more faintly than 
before, and differentiates into a central denser zone and a periph- 
eral (frequently vacuolated), more fluid layer (figs. 114-117). 
This mitochondrial Nebenkern then becomes irregularly pyri- 
form (figs. 118, 120), frequently with a concentric disposition of 
layers of different densities (fig. 119). Elongating still more 
it becomes divided into right and left halves (fig. 121), the axial 
thread lying between the two. One end of the now paired Neben- 
kern touches the nucleus near the centriole, while the other end 
grows backward into the tail of the sperm. Figs. 122 to 128 
illustrate further stages of the growth of this paired Nebenkern, 
showing how it keeps pace with the growth of the tail and how its 
two halves become spirally twisted upon each other. Up into 
the adult sperm (figs. 127-147) the mitochondrial substance of 
the Nebenkern is found enclosing the axial thread; but whether 
it extends the whole length of the tail in the adult sperm was not 
determined. It. becomes gradually more pale in appearance, 
perhaps due to its becoming thinner in mass. It is certain, how- 
ever, that this mitochondrial substance extends a long distance 
into the tail and is not limited to a small middle part; indeed, the 
adult sperm shows no part comparable with the well defined 
middle piece of mammalian sperm. 


E. Discussion 


In cells of the spermatogenetic cycle a number of larger struc- 
tures are found in the cytoplasm, though generally of less com- 
plicated nature than in egg cells because most sperm cells do not 
appear to produce yolk. 

One of these is the mitosome (Platner, ’89; Spindelrestkérper, 
Meves, 97) which arises in the telophase of mitosis from spindle 
fibers (connective fibers) persisting at the distal end of the cell. 
It is most prominent in spermatogonia, where it is a dense body, 
often continuing into a subsequent prophase, and often fusing 
with mitosomes of neighboring cells. In Euschistus a mitosome 
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is not produced in the spermatocytes or the spermatids. There 
is much need of a careful study of it in the spermatogonia, for 
its genesis is by means fully established. 

A second body is a more or less spherical, lunar or cup-shaped 
structure that encloses the centrioles so long as they remain at 
the distal pole of the nucleus. Meves (1897) has named this the 
‘idiozome,’ and later (’02a, p. 53) the ‘centrotheca.’ Previously 
it had been called variously ‘sphere,’ ‘attraction sphere,’ ‘archo- 
plasm’; but Meves pointed out that since it has no connection 
with spindle fibers, but disintegrates before the metaphase of 
mitosis, it is quite different from the attraction sphere of Van 
Beneden and the archoplasm of Boveri. A new and interesting 
relation in Euschistus is that the idiozome always touches the 
nucleus at that region where the chromatin composes a particu- 
lar peripheral chromatin plate; the only other writers who have 
found a similar chromatin plate are Pantel and de Sinéty (’06), 
but they described it as a thickening of the nuclear membrane 
(their fig. 10). In the spermatogonia this chromatin plate, and 
with it the idiozome, may lie at any pole of the nucleus, though 
both are always together; but in the spermatocytes the idiozome 
is invariably placed against the distal pole of the nucleus, where is 
also invariably the chromatin plate, and in these cells this chro- 
matin plate is composed of the ends of two or three chromosomes. 
Further, when the idiozome disintegrates, the chromatin plate of 
the nucleus also becomes disestablished. This constant local 
connection of these two structures suggests a nuclear influence 
in the formation of the idiozome. So soon as the centrioles 
wander apart from each other and pass out of the idiozome, 
the latter disintegrates; therefore it may be that the centrioles 
also have something to do with the formation of the idiozome, 
an idea treated specially by Buchner (710). In Euschistus no 
idiozome develops in the second spermatocytes or in the sperma- 
tids. 

In oogonia and the earlier stages of oocytes occur bodies quite 
comparable to the idiozomes of sperm cells, agreeing in position 
as well as in containing the centrioles; Van der Stricht (05, ’09) 
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has shown that in the oocyte of the bat they may persist up to 
the maturation mitoses.” In young oocytes of the guinea pig I 
have found it to have the appearance described by von Wini- 
warter. 

In animal spermatids there are two cytoplasmic bodies which 
may be combined or separate, and which have been variously 
known as Nebenkerne and spheres. Meves (’00) has shown that 
the Nebenkern of La Valette St. George is composed of granules 
(La Valette’s ‘cytomicrosomes’) which are comparable to the 
mitochondria of Benda, and the true Nebenkern is thus mivo- 
chondrial. The other ‘sphere’ of the spermatid Meves (’97, 
’02) has called an ‘idiozome,’ homologizing it with the idiozome 
of a spermatogonium or a spermatocyte. I believe this homology 
to be a mistaken one, for this sphere of the spermatid behaves 
quite differently from a true idiozome in being vacuolar and 
especially in having no connection with the centrioles. There- 
fore the sphere of the spermatid should no longer be called an 
idiozome but rather the ‘sphere of the spermatid’ or the ‘spermat- 
idosphere.’ In Euschistus this sphere of the spermatid, as ina 
number of insects, undergoes rather complicated movements, 
then divides into two, and the anterior portion passes to a position 
at the apex of the sperm and there becomes the lance or perfora- 
torium; it thus produces the same structure as in most other 
flagellate spermatozoa. But I do not think it likely that this 
lance is of any mechanical service in penetrating the egg, for in 
EKuschistus it is an exceedingly delicate and often branched fila- 
ment, without any rigidity. Then Yatsu (’07) has shown that it 
is rather the shape of the nucleus of the sperm that is adapted 
for entering the egg. In Euschistus this lance enters into the 
cytoplasm of a follicular nurse cell; therefore it may rather have 
the value of a nutritive pseudopodium. 

In spermatocytes of Euschistus another sphere arises, at 
about the time of disintegration of the idiozome, and it appears 


17 Compare especially Conklin ’02, Van der Stricht 704, ’05, 09, von Winiwarter 
1900, 09, Bouin, ’05. 
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to have no relation to the idiozome of the spermatocytes nor to 
the sphere of the spermatids. It has no local connection with 
the idiozome, the nucleus or the centrioles, and would appear to 
be a structure entirely distinct from the idiozome, arising in 
a different place and at a later time; it has only a short persistence 
and disappears entirely before the maturation divisions. It is 
not clear whether this body has any homologue in oocytes, for 
it does not appear related to the vitellogenic layer (that portion 
of the yolk nucleus not comprising the idiozome). 

The other special inclusions of the cytoplasm of the sperm 
cells are those bodies first recognized by Benda (’98) as specific 
cell granules, and named by him mitochondria. Henking (’91) 
was the first to figure them in Hemiptera.!8 Good reviews on 
these bodies have been written by Meves (’00, ’02b, ’08b), Benda 
(03), Waldeyer (’01), Korschelt and Heider (’02), Goldschmidt 
(04). Their great interest lies in the fact that they appear to be 
constant components of the mature germ cells; and that they 
develop in embryonic cells into various filar structures such as 
connective tissue fibrils, myofibrils and neurofibrils, as shown 
especially by Meves (07a, ’08, 710), Duesberg (10), Korotneff 
(09), Hoven (10). Interest in them has culminated with the 
hypothesis of Meves (’08) that they represent an important hered- 
itary substance which has the same relation to the cytoplasm 
as the chromosomes to the nucleus, and this has received support 
from the discovery of Duesberg that they persist during cleavage 
cells in both animals and plants. And it may be noted that 
Benda’s original criterion of them, that they stain blue with his 


18 Their synonymy is already rather confusing. By ‘mitochondria’ Benda 
intended granules taking a particular stain, and by ‘chondriomita’ rows of such 
granules enclosed in plasma threads. Meves (’07b) proposed the name ‘chon- 
driom,’ later replaced (Meves, ’08) by ‘chondriosome,’ to include both the single 
granules or mitochondria proper, and also the chains of such granules; for the 
latter he proposed (’07b) the name ‘chondriokonta,’ a chondriokont differing from 
a chondriomite in being a chain of granules not enclosed in a plasma thread. To 
corresponding chains Heidenhain (1900) gave the name ‘pseudochromosomes,’ 
while Goldschmidt (1904) and some of his followers include the mitochondria 
under the term ‘chromidia.’ 
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alizarine method, has come to be replaced by the criterion of 
their genetic origin and fate.!® 

Here I propose to discuss the mitochondria merely with rela- 
tion to their mode of origin, mode of division and history during 
the spermatogenesis, with reference especially to the phenomena 
in Euschistus. In Euschistus the spermatogonia contain a few 
granules that never stain as intensely as the mitochondria of the 
spermatocytes, and are never in the form of threads; it was not 
determined whether these are mitochondria or idiozome remains, 
but there is more indication of the latter origin. In various 
other animals, also, they appear to be few or absent in spermato- 
gonia, though described for such cells by Meves (’00, ’07), Gérard 
(09), Giglio-Tos (’08), Wassilieff (07), Lams (09), Dingler (’10), 
Holmgren (’02), Bouin (’05), Otte (07) and the Schreiners (’05)?° 
They are also few or absent in oogonia. But in Euschistus and 
other objects they are always much more abundant in the growth 
period of the germ cells, and this is certainly the time of their 
chief elaboration, a point noted also by Buchner (710). This 
is a rather important matter, and easily proven by comparing the 
. large mass of them in spermatocytes with their mass in spermato- 
gonia. The mitochondria thus have their main period of growth 
and multiplication in the growth period of spermatocytes and 
oocytes. Their later history, in maturer germ cells, embryonic 
and tissue cells is in general one of distribution and differentiation. 

This leads us to the question of their origin in the growth 
period. Some writers consider them essentially cytoplasmic 
structures, with no genetic relations to the nucleus; such are 
Meves, Duesberg, Bouin, Korotneff, Dingler, while Vejdovsky 
(and his results apply only to oocytes) regards them as portions 


19 Probably many of the bodies described in spermatocytes as yolk globules will 
prove to be mitochondria, as well as many bodies previously confused with idio- 
zomes. However, Gross has distinguished in Pyrrhocoris yolk granules from mito- 
chondria. a 

20 The large compact masses in the distal ends of spermatogonia, shown by 
Giglio-Tos in his fig. 1 and regarded by him as mitochondria, are clearly not such 
but mitosomes; he was misled by their taking the Benda stain, which shows how 
little service this stain is as a diagnostic. 
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of spheres. But it must be said that none of these writers except 
Vejdovsky have paid particular attention to their origin. Pantel 
and de Sinéty leave the question open, though they show that 
the ‘pseudochromosomes’ arise in close contact with the nucleus. 
Another group of investigators (Dumez, Janssens, Popoff, Was- 
silieff, Goldschmidt, Buchner, Jorgensen) hold them to be of 
nuclear origin, for the following reasons: In the pachytene stage 
of the spermatocytes the chromosomes are frequently, though 
not in all objects, definitely oriented, radiating in a “bouquet 
stage’ towards the distal pole of the nucleus, and the idiozome 
lies at that pole in the cell body; near that pole of the nucleus 
the mitochondria make their first appearance. This position 
of the mitochondria, close to a particular pole of the nucleus, 
is taken to mean that they are produced there by some nuclear 
activity. Most of these writers maintain that they are engen- 
dered by actual emigration of chromatin particles out of the 
nucleus at that pole, as indicated especially by Janssens, Was- 
silieff, Jérgensen and Buchner. This idea of chromatin emi- 
gration has been particularly instigated by Goldschmidt’s view 
that the mitochondria belong in the class of chromidial forma- 
tions. In Euschistus we found in the resting spermatogonia 
a particular chromatin plate upon the nuclear membrane, 
and this is invariably at the point where the idiozome lies; but 
in these cells there are no demonstrated mitochondria present 
around the idiozome. In the spermatocytes of this species 
there is another chromatin plate, here produced by the ends of 
two or, three chromosomes, again always at the pole where the 
idiozome lies; in the close vicinity of this idiozome the first 
mitochondrial chains make their appearance. Pantel and de 
Sinéty found in Notonecta that the mitochondria arise between 
the idiozome and the nucleus, therefore in relation to both. In 
EKuschistus it is hard to make sure whether the mitochondria 
arise from the cytoplasm, from the idiozome or from the nucleus. 
But the fact is that they originate in the distal pole of the cell, 
close to the idiozome and the nucleus, therefore it is probable 
they are produced by either idiozome or nucleus or by a joint 
action of these. We saw previously that the idiozome probably 
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stands under the influence of the chromatin plate. In Eu- 
schistus there is no evidence that the mitochondria are produced 
by emigrated chromatin particles, and indeed the idiozome 
intervenes between them and the chromatin plate. Also in 
this species they certainly have no relation to the idiochromo- 
somes, which may lie upon any point of the nuclear membrane 
except the idiozome pole and they do not discharge any visible 
substance into the cytoplasm.2t Were the mitochondria of 
strictly cytoplasmic origin it would be difficult to explain why 
they always arise at a particular pole of the nucleus near the 
chromatin plate and the idiozome. Therefore it seems a better 
working hypothesis to conclude that they are produced either 
by some chemical interaction of idiozome and cytoplasm, or 
of nucleus and cytoplasm, which would be, in either case, an 
ultimate nuclear origin. It is interesting to note that their 
period of early development in the spermatocytes corresponds 
with the period of conjugation of the chromosomes, and the 
latter process may be the initial step in their production. This 
is all in agreement with the concept of the nucleus as the par- 
ticular formative center of the cell. After the idiozome of 
Euschistus has disintegrated, and the chromatin plate become 
disestablished, the mitochondria becomes scattered throughout 
the cell, and then they become larger and more prominent, evi- 
dently by autonomous growth. Thus it may well be that the 
nucleus directly, or acting through the idiozome, gives off fer- 
ments in small amounts to the cytoplasm and these ferments in 
their turn engender the mitochondria that later become self- 
perpetuating structures. 

Another point of interest is how the mitochondria become 
distributed in the maturation mitoses. In neither Euschistus 
nor other forms is there evidence of autonomous division of them 
in mitosis; they appear rather to become divided passively by the 
equatorial constriction of the cell; there is no other mechanism 
for their division, for they lie outside of the spindle and are 

21 Both Buchner and Wassilieff hold the mitochondria to be produced by a pour- 


ing out of substance from the modified chromosomes, though Wassilieff’s results 
on Blatta have been contradicted by Morse. 
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little influenced by the centrioles. In Euschistus they lie quite 
irregularly in the spermatocytes, and generally each thread fails 
to divide in one of the maturation mitoses; further, it is a matter 
of chance at what point a mitochondrial thread becomes divided. 
They become irregularly divided in the two maturation divi- 
sions so that varying amounts of them become apportioned to 
the spermatids.22 That there is no accurate quartering of the 
mitochondria in a number of other species results from a study 
of the figures of various writers, such as the Schreiners (’05, 
Myxine), Meves (’00, Paludina, Pygaera), Gross (’06, Pyrrho- 
coris), Wassilieff (’07, Blatta). But in the bee and hornet 
(Meves, ’07, ’08), in Pamphagus (Giglio-Tos, ’08), in Blaps 
(Benda, ’03) and Stenobothrus (Gérard, ’09) they appear 
more evenly arranged around the spindles, and in these objects 
probably become more regularly divided. But there is good 
evidence that in certain cases it is a matter of chance how they 
become divided, in which regard they differ markedly from the 
chromosomes. 

The mitochondria in the spermatid of Euschistus coalesce 
to produce the true Nebenkern, which elongates and forms a pair 
of narrow bands lying on the sides of the axial thread and 
extending from the head probably to the end of the tail of the 
spermatozoon. A similar metamorphosis of the Nebenkern is 
known for flagellate spermatozoa in a number of invertebrates, 
while in the mammals the mitochondria engender a spiral fila- 
ment around the middle piece. There is now, however, consider- 
able evidence that in many forms of flagellate spermatozoa, 
such as those of mammals and molluscs, the whole tail enters 
the egg in fertilization, and is not left outside the egg (contrary 
to earlier observations); therefore it is probable all the mito- 
chondrial substance of the sperm enters the egg; much more 
substance, accordingly, than merely the chromatin of the head. 

Since then fertilization brings together the mitochondria 
of two parents, it now becomes of great importance to trace 

22 T have previously intimated, (’10b) the possibility that the relative amount 


of the mitochondrial substance received might determine the sex-preponderance 
character of a sperm, a matter unfortunately very difficult to test. 
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the history of the mitochondria during the fertilization of the 
egg, and especially the behavior of those furnished by the sperm. 


PREFORMATION AND EPIGENESIS IN THE GERMINAL CYCLE, AND 
SEGREGATION OF THE GERM CELLS IN ONTOGENY 


The discussion of embryologists upon preformation and 
epigenesis has treated mainly the phenomena of somatic differ- 
entiation, the factors regulating the growth of the embryo from 
the egg. If it be not too premature to speak of a consensus 
of opinion reached in this discussion, it would be to the effect 
that epigenesis and preformation are not mutually exclusive, 
but that both probably proceed at the same time. 

Here it is my wish to call attention to the fact that in the his- 
tory of the germ cells may be recognized both preformation and 
epigenesis, whereby the germinal cycles offer a certain parallel 
to the somatic. 

In the spermatogenetic cycle a number of spermatogonial 
generations occur, during which the number of the chromosomes 
remains constant and no marked cytoplasmic specializations 
take place. But in the spermatocytes remarkable differences 
arise suddenly: the chromosomes group themselves into gemini, 
the mitochondria increase rapidly in amount, the whole cell 
becomes larger, and frequently the centrioles take on unusual 
forms and positions (as upon the cell membrane). Somewhat 
similar changes occur in the oocytes, and more complex ones, 
owing to the production of yolk substance. The spermatids 
often undergo a marked metamorphosis. As one reviews the 
sum total of these processes the conviction arises that there are 
here in the completest form both preformation and epigenesis. 
The chromosomes are on the whole the most stable parts, appar- 
ently continuous from generation to generation, and though they 
may pass through marked changes in forming the sperm 
nucleus, they later emerge, in fertilization, under the same forms 
that they had previously. On the whole they seem to be the 
particular preformed bodies of the germ cells. But this is 
not the case with certain other cell constituents. For in Eu- 
schistus, which seems to exemplify in main features the sperma- 
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togenetic relations of most insects, a true idiozome arises in the 
spermatocytes, mitochondria develop around it, the idiozome 
disintegrates and a sphere appears, thissphere disappears entirely 
and in the spermatid another sphere is produced that originates 
another new body, the perforatorium. 

It is clear that the first spermatocytes and oocytes are the 
most interesting cells of their respective cycles, for they exhibit 
the most significant processes—conjugation of chromosomes, 
reduction division, elaboration of mitochondria. In them the 
history of the cytoplasmic parts is markedly epigenetic. And 
another series of epigenetic changes is exhibited by the histo- 
genesis of the spermatozoon. 

There is then a parallel with the somatic cycle, which begins 
with an undifferentiated and terminates with a highly differen- 
tiated condition. The ripe ovum and spermatozoon are much 
more differentiated than the spermatogonium or oogonium; 
each of them enters, with the commencement of the growth 
period, upon its period of specialization. 

The recognition of this resemblance may throw light upon 
the problem of the segregation of the germ cells. By what 
process is it that certain cells of the embryo are held back from 
somatic differentiation to become germ cells? In other words, 
why do not all the cells become specialized? The answer, it 
seems to me, is to be sought in the distribution of the specializa- 
tions of the fertilized egg to the cells of the embryo. One set 
of specialized structures of the germ cells, the mitochondria, 
are now known to give rise to various important specializations 
of body cells. The mitochondria, that are elaborated, in greatest — 
part at least, during the growth period of the germ cells, persist 
from the fertilized egg into cleavage stages, and ultimately 
transform into various specialized fibrillar structures. With 
this in mind the setting aside of germ cells from body cells 
could be explained mechanically as follows: any cleavage cell 
which failed to receive mitochondria, or failed to receive particu- 
lar ones or a particular amount of them, would be incapacitated 
from engendering such somatic specializations, it would thereby 
become a germ cell. This might appear contrary to the idea 
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that the body cells become different from the germ cells by a 
mechanical process of chromatin diminution, as in Ascaris. 
But this is quite conformable to our argument, for in Ascaris 
those cells which become body cells are the ones that include the 
cast-off chromosome ends in their cytoplasm, and it will prob- 
ably be found that these ejected chromosome parts engender 
such cytoplasmic differentiations as characterize the body cells. 

Either this mechanism of the segregation of the germ cells may 
be admitted, or else one that would cause the mitochondria 
of prospective germ cells to remain unaltered or latent. For- 
tunately this is a matter that may be tested by observation. 
For if the first supposition be correct we should find that during 
cleavage an unequal distribution of the mitochondria occurs, 
just as we know occurs in the case of yolk granules. If the 
second be correct, then while the mitochondria are undergoing 
developmental changes in some of the cells, they should be found 
to remain relatively unaltered in others—the prospective germ 
cells. 
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PLATES 


All the figures have been drawn to the same scale with the aid of the camera 
lucida at the level of the base of the microscope, with. the Zeiss apochromatic 
immersion objective 1.5mm., and ocular 12; the original dimensions have been 
reduced one-fifth. 


The following abbreviations have been employed: 


c. centriole m. minute chromosome 
ch. c. chromatoid corpuscles mit. mitosome (spindle remains) 
D. larger idiochromosome pf. perforatorium 
d. smaller chromosomes pl. plasmosome 
id. idiozome sp. sphere 
PLATE 1 


EXPLANATION OF FIGURES 


1 and 8 from testis no. 103, all others from testis no. 282. 

1 Penultimate spermatogonium, rest; (follicle 5). 

2 The same, pole view of equatorial plate; (follicle 6). 

3 Portion of a rosette of ultimate spermatogonia; (follicle 6). 
4 Anaphase of ultimate spermatogonium; (follicle 4). 

5 Later anaphase of the same; (follicle 4). 


6-41 Successive stages of the early growth period of the first spermatocytes. 
All the cells from follicle 4 except the following: Figs. 23, 24 from follicle 5; figs. 
10, 11, 15, 22 from follicle 6. 
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PLATE 2 


EXPLANATION OF FIGURES 


Successive stages of first spermatocytes, all from testis no. 282; all from follicle 
4, except fig. 49 from follicle 5. 
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PLATE 3 
EXPLANATION OF FIGURES 
Successive stages of first spermatocytes, figs. 74, 75, 82, 83 from testis, no. 


286; 86-93 from testis no. 265; the remaining figures from testis no. 282. Figs. 
74-83, 86-89, 91-93 from follicle 6, the remaining from follicle 4. 


69-86 Later prophases of the first maturation spindle. 
87-93 First maturation spindle. 
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PLATE 4 


EXPLANATION OF FIGURES 


111 from testis no. 282, the others from testis no. 265. All the figures from 
follicle 6 except the following: 98 and 100 from follicle 4; 95-97, 110 from follicle 5. 


94 Metaphase of first maturation. 


95-100 Anaphases of first maturation, fig. 98 being a polar view of a daughter 
chromosomal plate. 


101 Polar view of metaphase of second maturation. 
102-104 Lateral views of second maturation spindles. 


105-106 Polar views of daughter chromosomal plates of the second maturation 
spindle. 


107-111 Lateral views of later second maturation spindles. 


112 An entire spermatid (on the right) nearly completely separated from its 
sister (shown in part outline on the left). 


113-116 Earliest stages in the histogenesis of the sperm. 
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PLATE 5 
EXPLANATION OF FIGURES 
Histogenesis of the sperm. All the figures represent lateral views, except 145, 
which illustrates a transection of a sperm bead of the stage of fig. 144; the entire 


spermatozoon is shown in 117-126, in the others only the head and the proximal 
part of the tail are represented. 


All the figures are of cells from follicle 6; 117-122 are from testis no. 265 ; 1385-137 
from testis no. 116; the remainder from testis no. 282. 
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INTRODUCTION 


In attempting to determine the life cycle of Crossobothrium 
laciniatum, a cestode found in the sand shark, (Carcharias lit- 
toralis) of the Woods Hole region, attention was at once directed 
to the cestode larva known as the Scolex polymorphus, which 
seemed not unlikely to be the young of this species. The studies 
here described were begun in the hope that these two forms would 
prove to be a single species, since both are admirable for labo- 
ratory purposes and have been so used by students at the Marine 
Biological Laboratory for many years. It appears, however, 
that such a relationship does not exist; for theresultsof the exper- 
iments give strong, though perhaps not entirely conclusive, evi- 
dence that the Scolex polymorphus develops into the species 
Phoreiobothrium triloculatum (Linton) and show conclusively 
that it cannot be the young of Crossobothrium laciniatum. 
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The material was collected and the experiments performed 
during the summers of 1903 and 1904 at the Marine Biological 
Laboratory and the United States Fisheries Bureau Laboratory 
at Woods Hole, Mass., and I am indebted to those in charge 
of these institutions for substantial aid in the prosecution of the 
work. 


METHODS 


The sharks used for infection and the squeteague from which 
the specimens of the Scolex polymorphus were obtained, were all 
taken during the summer months in the fish traps near Woods 
Hole. The sharks were marked by means of numbered copper 
tags, fastened to the dorsal fin and were kept in wooden fish cars 
about 5 x 6 x 14 feet, several of which were fastened together to 
form a float upon which much of the work could be conveniently 
carried on. At the outset it was necessary to devise some appa- 
ratus by which the animals could be held securely in a position 
convenient for any necessary operation and which could be manip- 
ulated with safety by a single person. The holder which was 
finally constructed consisted of a trough about four and one-half 
feet in length, formed by nailing two boards together and across 
their ends two shorter strips after the fashion of a farmer’s ‘pig- 
trough.’ The top of this trough was covered by a hinged lid 
which, when fastened down, left the head and tail exposed but 
held the body of the fish securely along the greater part of its 
length. The cross piece of one end was hinged to the surface of 
the float where the holder was being used and to the free end was 
hinged a support, which, when swung out, held the contrivance at 
any desired height as the free end was lifted toward the upright 
position. By working rapidly, it was possible, with the fish 
thus held securely, to complete the necessary treatment in a few 
moments, and any more elaborate apparatus providing for the 
irrigation of the gills seemed unnecessary, since the sharks gave 
no indication that their vitality had been impaired by this brief 
exposure to the atmosphere. In operation this holder was safe 
and in every way satisfactory. The shark was dipped up with 
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a hand net and placed in the trough ventral side uppermost. 
Upon fastening its lid, the holder was at once raised to a conve- 
nient position and the operator could then quickly introduce any 
desired object into the mouth cavity. In feeding, the jaws were 
pried open, a piece of food placed in the mouth and after being 
guided past the gill arches was thrust down the oesophagus by 
means of a billet of wood. The oil of male fern and the calomel, 
used in the attempts to rid the sharks of their previous infection, 
were given in gelatin capsules having a capacity of 2cc. These 
were placed in a piece of galvanized iron pipe, which had been 
pushed down the oesophagus until it reached the stomach, and the 
capsule foreed down the pipe with a small wooden rammer. 
This proceeding, or the giving of food, could be accomplished 
with comparative rapidity and the sharks were often back in the 
ear within two or three minutes after being taken out. There 
was no sign of the regurgitation of food or drugs, though the 
bottoms of the cars were carefully inspected during the hours 
just after treatment, and both food and drugs were found in the 
digestive tracts of specimens which happened to be examined 
during the first few days. There can, therefore, be no doubt that 
both remained in the stomach when once introduced. Further 
details of methods used are given at the appropriate places 
throughout the paper. 


THE NATURE OF THE SCOLEX POLYMORPHUS 


Before describing the experiments in which the larval cestode 
known as the Scolex polymorphus was used to infect the sand 
shark, it may be well to offer a word of explanation regarding this 
form. The name 8S. polymorphus has been applied by Linton to 
a cestode larva found in a considerable number of fishes from the 
Wood Hole region. While most abundant in the squeteague 
(Cynoscion regalis) and the common flounder (Paralicthys den- 
tatus), he has found it in varying numbers in some twenty-eight 
other teleosts, the list of which is given on page 413 of his 1901 
report. This larva, which I have represented in figs. 1, 2, 3,, 4, 
12 and 13 of this paper, is frequently met with in a stage slightly 
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younger than the one here shown. In such a young condition it 
lives in the intestine of its teleost host, moving freely about and 
attaching itself by means of its four suckers. The slightly older 
stage which these figures represent and which was used in my 
experiments, is found in the cystic duct of some of these fishes, 
notably the squeteague and the common flounder. ‘The speci- 
mens which I used for infection purposes all came from the first | 
of these two hosts. 

The name Scolex polymorphus originated with Rudolphi (08) 
and has since been frequently applied to such larval forms taken 
from many different fishes, and by Van Beneden (’50) from crabs of 
the genera Carcinus and Eupagurus. Zschokke (’86), discussing 
such forms, showed that the mono-, bi- and triloculate types of 
bothria (figs. 2, 12 and 13 of the present paper), which can be dis- 
covered when any considerable number of individuals are exam- 
ined, are only developmental stages of the same form, and his 
results indicated that the 8. polymorphus with which he worked 
was the young of the genus Calliobothrium, and not of-Oncho- 
bothrium as had been previously suggested. These authors of 
course studied specimens from European waters. 

Monticelli (’88) in an extensive paper upon the S. polymorphus 
of the region about Naples, showed that the larvae, which he 
found in a large number of fishes, though most common in the 
flounders, were the young of Calliobothrium filicolle. This 
conclusion was based upon the close anatomical resemblances 
between the more advanced larvae and young specimens of C. 
filicolle and upon experiments in which a species of Torpedo, 
after being freed of all parasites by starving (a method which his 
experience and that of the collectors at the Naples station had 
shown to be effective), was then fed for a time upon specimens 
of Arnoglossus known to contain the 8. polymorphus. As a 
result of this, young specimens of the C. filicolle were obtained 
from the torpedoes so treated, and this taken with the anatomical 
resemblances seemed conclusive evidence. Monticelli has re- 
viewed the literature exhaustively and he gives (p. 89) a list of 
thirty-six cases in which authors have appended various specific 
names to the term scolex and made as many different species 
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of this single form. He refers to these names as synonyms and 
apparently considers all the forms from whatever host to be the 
young of a single species. 

Although my experiments indicate that the 8. polymorphus of 
the Woods Hole region develops into Phoreiobothrium triloculatum 
and not into a species of Calliobothrium, a comparison of the 
larvae, as taken from the fishes about Woods Hole, with the de- 
seription which Monticelli gives shows that the two types are 
closely similar, probably almost indistinguishable. The myzo- 
rhynchus, bothria with one, two or three loculi, two faint red 
pigment spots in the neck region of some of the specimens, the 
general shape of the body and the characteristic movements, are 
apparently identical. Only in the case of the hosts they inhabit 
is there any very apparent difference, which is of course neces- 
sitated by the differences in the piscine faunas of two such widely 
separated regions. 

In his paper published in 1897, Linton suggested that the S.. 
polymorphus perhaps represents the young of a number of differ- 
ent cestodes, and also that none of the fishes (teleosts) in which 
he has found it is the true host of either larva or adult. He 
considers such larvae when found in teleosts to be ‘xencsites,’ 
or misplaced parasites, and thinks that the true intermediate 
hosts may be found among the species of crabs which frequent 
the feeding grounds of these fishes. In support of this view, he 
cites the fact that the existence of similar larvae in crustacea has 
been recorded by Van Beneden (’59). Should this hypothesis 
prove correct, we should have a case where the transfer from 
such a host to a teleost fish, while not fatal to the parasite, still 
presents conditions under which it can develop but a little way 
beyond the stage already attained. Basing his conclusion largely 
upon the presence of a median proboscis-like structure (the myzo- 
rhynchus) at the anterior end between the bothria, Linton (’97) 
expressed the opinion that our Scolex polymorphus is the young 
of the genus Echeneibothrium. This is not, however, as strong 
a clew as might seem, for in the adult Calliobothrium filicolle, 
to which Monticelli’s larvae developed, this structure is quite 
degenerate, though well marked in the larva, while in the adult 
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of Calliobothrium leucartii and Calliobothrium verticillatum 
there is no trace of such a structure. 

In a later paper on the parasites from the fishes of Beaufort, 
North Carolina, Linton (’04) finds the Scolex polymorphus in 
many of the fish examined and speaks of the larvae as follows 
(p. 326): 


The larval cestodes, doubtless representing several genera, recorded 
in Parasites of the Woods Hole Region under the name of Scolex poly- 
morphus, were found in thirty-four of the fifty-nine Beaufort fishes 
examined. As at Woods Hole these forms are found not only in the 
alimentary canals of their hosts but also in the cystic ducts of several. 
They are almost never absent from the cystic duct of Cynoscion regalis. 
In all cases, where these worms have been obtained from the cystic duct 
and from the intestine of the same fish, those coming from the cystic 
duct are larger, plumper, and more opaque than those from the intes- 
tine. Some of the older larvae suggest the genera Calliobothrium, 
Acanthobothrium and Phoreiobothrium. 


Again, in speaking of the parasites of the sharp-nosed shark, 
Seoliodon terrae-novae, under Phoreiobothrium triloculatum, 
he says (p. 348): 


1 scolex, no segments yet developed; length 2 mm.; hooks small. This 
specimen looks very much like some of the more advanced specimens of 
Scolex polymorphus which have occasionally been found, save that the 
bothria have assumed the characteristics of P. triloculatum. 


On page 359, under the parasites of the pipe fish, Siphostoma 
fuscum, he notes that the specimens of the Scolex polymorphus 
had ‘‘bothria with two costae and rudiment at anterior end, 
suggesting loculi which occur at the anterior end of bothria in 
Echeneibothrium and Acanthobothrium; no red pigment.” 

On page 407 under the parasites of the toad fish, Opsanus tau, 
he speaks of a specimen which was ‘“‘probably a young Callio- 
bothrium,”’ and of another which ‘‘had the characteristic bothria 
of Echeneibothrium and Rhinebothrium. Its prominent muscu- 
lar proboscis, (myzorhynchus), if retained in the adult would 
place it in the former genus.’’ Again, in another lot, “‘ The largest 
had bothria which resembled those of Calliobothrium and Acan- 
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thobothrium, but without hooks.’’ And finally, others which 
had ‘‘red pigment, two costae, one specimen noted with rudi- 
mentary hooks (Calliobothrium or Acanthobothrium)” and in 
another lot a specimen is recorded with the ‘“‘rudimentary hooks 
and pigment spots.” 

Under the parasites of the sole, Symphurus plagusia, there are 
mentioned specimens which are ‘‘comparatively large, with two 
costae and red pigment like young Acanthobothrium, but without 
hooks.” 

Fig. 80, plate 12, shows a young specimen of Calliobothrium 
with rudimentary hooks, but otherwise much like the Scolex 
polymorphus. 

In view of these later observations of Linton and Monticelli’s 
results, one would expect the Scolex polymorphus from about 
Woods Hole to develop into one of the species of Calliobothrium 
found in this region, or perhaps some other species of the family 
Onchobothriidae, and this last is what I believe happens in the 
case of the larvae with which my experiments were performed. 
Since two species of the genus Calliobothrium (C. verticilatum 
and C. eschrichtii) have been found in our region, by Linton (99) 
who records this species from the dogfish (Mustelus canis), and 
since a considerable number of species belonging to most of the 
genera of the family Onchobothriidae have been described from 
Woods Hole by Linton, it would seem not at all unlikely that 
experiments made by feeding the Scolex polymorphus from the 
various teleosts to skates, dogfish and sharks might connect 
these larvae with other genera of the Onchobothriidae. Such 
experiments would be likely to give precise evidence for or against 
Linton’s belief that the larvae represent the young of more than 
one form and they might give us data for further consideration 
of the whole question of xenositism, which Linton suggests is 
the condition of these larvae when found in teleosts. 

In considering the possibility that the various forms of erus- 
tacea are the true intermediate hosts in which the development 
was begun, I have made a careful tabulation of the food of these 
fishes as recorded mainly by Linton (’99), but also in more detail 
for a smaller number of fishes in tne work of Peck (’95). This 
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tabulation is not given since it is merely a compilation and the 
important point ascertained can be briefly stated; namely that 
crustacea of various sorts, shrimps, amphipods, isopods, crabs, 
etc., are an important food with almost all these fish. In cases 
like the squeteague and blue-fish, where they are not so important 
an item, it is noticeable that various crustacea-eating fish are a 
common food. This would account for the great numbers of 
the Scolex in the squeteague, which would then be like a sieve in 
which were retained many larvae which had come originally from 
crustacea through the medium of another fish. The flounder, 
Paralicthys dentatus, is the other fish in which Linton has found 
the Scolex most abundant. Its food consists of smaller fish and 
a large proportion of various crustacea, so that in this case the 
S. polymorphus might be obtained directly from crustacea, or 
indirectly from another fish. I have also tabulated the food of 
the fishes from which Linton has not recorded the Scolex to see 
whether crustacea form as large an element in their food supply, 
but no satisfactory facts can be gathered for the reason that the 
list of those containing the larva comprises the greater number 
of our smaller and more common fishes and because, as Linton 
expressly states, no systematic search has been made and hence 
the fact that the larvae have not been recorded from any fish 
may have little importance. 

I quite agree with Linton’s suggestion that this widely distrib- 
uted larva, though it does not resolve itself into several easily rec- 
ognizable types in the larval condition, may eventually be shown 
to represent the young of more than one cestode, and if I am cor- 
rect in my conclusion that the 8. polymorphus with which my 
experiments were made develops into Phoreiobothrium trilo- 
culatum, whereas the form with which Monticelli worked is the 
young of Calliobothrium filicolle, this may be the beginning of 
evidence which will give Linton’s interpretation a secure foun- 
dation and thus the name ‘polymorphus,’ which seems originally 
to have been given because an individual larva of this sort can 
assume such diversity of shape, may come to have a new signifi- 
cance from the existence of many species under a guise which 
does not show differences by which each may be recognized. 


. 
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The close resemblance of our 8. polymorphus to the forms upon 
which Monticelli (op. cit.) worked, makes a discussion of the anat- 
omy superfluous beyond what is shown by my figures and their 
explanations which have been made quite full. The differences 
are only of a minor nature and hence this author’s account is 
adequate for the anatomy of our forms. 


THE NORMAL OCCURRENCE OF PARASITES IN SAND SHARKS 
TAKEN AT RANDOM 


A knowledge of the normal content of parasites found in the 
sharks, as collected, was important both for its bearing upon the 
results of treatment which attempted to rid them of all parasites, 
and upon the results of any artificial infection with young cestodes. 
There are very few sand sharks examined which have not some 
infection with Crossobothrium laciniatum, which is the only ces- 
tode parasite known to infect the digestive tract of this hostin 
considerable numbers. Some records by Linton (’99, p. 429) 
are here tabulated as quite representative of any dozen specimens 
taken at random. 


Table from Linton’s records 


bare | oe gers | oar 
alge 7) GOO aber RE et ges. | 1 20 
Dilys 2 Sst SOOM ey Aaa ee eee ry ties cn Pee | 1 several 
PANT OUIS GN HO el OOO Mepawerts ani rama taicas aeeier | 1 numerous 
ANSI S G2 SO OMe «ate lta hie o 5 aegers lel: i 2 
TSE LSS SOO) ean ere tami Meech wh: 4 op hs 1 i! 
ANI SUS tdi SS Oprrr cae ann eck. Che shag sho th: i 4 
Aupast WS 1S Oot seem erica! aise sie ats a al 55 
ANI CUISTOLO MS 90 ee pe ee eer cent e e 1 12 
SFU ys UD OO Scare ee te eee ey aha | 1 47 
uly 20; LODO os. Seppe eter ae, nee 1 16 
August, L261 G00 Re er es en iin let etree | il numerous 
August 15 LOO cs oct m Ane SARS, | 1 106 


From my own records, the results are similar, though the counts 
are usually higher because a careful search was being made for 
the small young specimens. The following table is from six 
sharks examined in 1904. 
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| C. LACINIATUM 
DATE SHARKS ee oa 
| Adult | Young 
| 
TUly QO ee ee 1 34 | 50 
July SO keane 1 20 | 10 
AUgUStHl iy eeio uae weer 1 30 6 
(AUGUST som sen cea cack 1 30 50 
NOUS eon ea) le eas 1 oo | 25 
AUpUSE yee ee eee a 1 50 | 30 


During the years 1899-1910 this parasite has been used for 
study by the students in one of the courses given at the Marine 
Biological Laboratory at Woods Hole and we have always been 
able to obtain an abundant supply when several sharks were 
available. Sometimes the first shark opened has yielded all the 
material needed and it has never been necessary to examine more 
than four or five. Most of the actual counts recorded in my notes 
in 1903-04 were made upon sharks in which search was being 
made for specimens showing the early stages of proglottid forma- 
tion and for this reason the sharks recorded are perhaps those 
which seemed, when first opened, to have an abundance of the 
parasites. Linton’s records as given in the first table are there- 
fore more fairly representative. 

As a further example of their abundance, my notes record the 
examination on August 11, 1904, of ten sand sharks, taken in 
the traps on that date. Every one of the ten was infected and in 
only two cases was the number of the parasites noticeably small. 
Count was not made because it was evident that the amount of 
infection averaged substantially the same as that shown by Lin- 
ton’s record. 

From these data it is evident that one rarely finds a sand shark 
which has not some infection; and from the fact that the worms 
may be found in all stages of development, from the specimens 
just beginning to form segments to the large adults which are 
shedding motile proglottids, one may conclude that the source 
of the infection has been in contact with the sharks within a quite 
recent period, if, indeed, it is not acting upon them throughout 
the summer. 
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THE INFECTION OF SAND SHARKS WITH THE SCOLEX 
POLYMORPHUS 


The first attempt at infection of the sand sharks with the Scolex 
polymorphus was made with fish which had been held without 
food for a period of three weeks, a treatment which Monticelli 
(83)found effective in ridding aspecies of Torpedo of its Callioboth- 
rium. In all, eleven fish were so treated and each was then given 
all the larvae obtainable from twelve squeteague, a dose which 
was estimated at not less than five hundred larvae for each shark. 
Each fish was fed at the time of the infection and in the three 
weeks after infection, during which they remained alive, each was 
fed four times. For food, the flesh of the squeteague was used, 
an amount about equal to one-third, or one-half the bulk of a good 
sized fish being used at a feeding; my guide in this matter being 
the size of the pieces of food commonly found in the stomachs 
of recently captured sharks, which had fed under natural con- 
ditions. Judging from the rate of digestion, as observed on sey- 
eral occasions, this amount of food was unnecessarily large. 
Such an amount once a week would be ample for sharks in cap- 
tivity. Moreover, the choice of food was not good; for one may 
be introducing almost any kind of a cestode larva by feeding the 
flesh of a teleost fish. In using for infection sharks which had 
not received any treatment, other than the three weeks’ starving 
above mentioned, I was, of course, aware that one might expect 
each one of them to contain the normal infection of C. laciniatum. 
It seemed, however, that if the S. polymorphus from the sque- 
teague did represent the larval form of Crossobothrium, it would 
develop readily in its normal host, and that the introduction of 
a very large amount of infection would perhaps give the fish 
thus treated so many young worms all the same size, as to show 
that they could only have come from the larvae introduced by 
the experimental infection. 

Three weeks after the infection these eleven sharks were killed 
and their digestive tracts carefully examined. Each contained 
adult specimens of C. laciniatum in numbers sufficient to indicate 
that all the sharks had their normal complement of parasites and 
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therefore that the three weeks without food had produced no 
effect. In eight of the fish there were a considerable number of 
young specimens of C. laciniatum in all stages of proglottid 
formation, but as similar stages are commonly found in all sharks 
(Curtis, 03 and ’06), their occurrence here was no evidence that 
they had come from the introduced Scolex polymorphus, and the 
diversity of their stages made any such interpretation out of the 
question. In these eight specimens there were found in addition 
to the young and adult C. laciniatum, an unusual number of 
individuals of the species Crossobothrium angustum, which Lin- 
ton (99) p. 426), records as a frequent parasite of the dusky 
shark, Carcharinus obscurus, and the blue shark, C. milberti. 
Although present in greater numbers than I have found in any 
other lot of sand sharks, these C. angustum were of all stages from 
young to adult and there seemed, therefore, no evidence which 
would connect them with the larvae which had been introduced 
by my infection. In the whole number of sharks I found upwards 
of fifty young of another cestode, ali in about the same stage, and 
with well developed scolices and the segmentation into proglot- 
tids just beginning. Because of their conspicuous and charac- 
teristic bothria, these were at once recognizable as the young of 
the species Phoreibothrium triloculatum, a form which Linton 
has described from the dusky shark and which is represented in 
figs. 5, 6, 9, 10 and 11 of this paper. Unfortunately, my 
records give only the fact that each of these sharks contained 
some Phoreiobothria and fail to give their distribution in the 
individual sharks. 

The occurrence of this species in the sharks of this experiment 
would indicate, when taken alone, hardly more than that P. 
triloculatum is sometimes found in the sand shark, even though 
the only sand sharks in which I have found it are the ones pre- 
viously infected with the Scolex polymorphus. The fact that the 
individuals were all of about the same early stage is more import- 
ant, though not much stress can be laid upon it because of the 
failure of my records to state the distribution of these worms in 
the individual fish. I regard the results of this attempt at infec- 
tion, which was the only one I was ablesto carry through in the 
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first summer of my work, as valuable only because they support 
the more satisfactory results obtained in the work of the follow- 
ing summer. A further discussion is, therefore, deferred until 
the results of the later work have been presented. 

Having been unsuccessful in the attempt to reduce the number 
of parasites by the process of starving, for as long a time as was 
available, if the sharks were to be used for any subsequent exper- 
iments, attention was directed at the beginning of my second 
summer’s work to the discovery of an effective method by which 
the sharks could be entirely freed of their cestode parasites. For 
this, I used the oil of male fern, one of the most powerful vermi- 
fuges used in human and veterinary practice. Following this 
practice, the dose of the oil was followed after an interval of from 
twenty-four to forty-eight hours by one of calomel. The manner 
of introducing these drugs into the stomach of a shark is 
explained in the earlier section of this paper where the general 
methods of work are given. In the tables upon the pages which 
follow will be found the detailed results obtained with the several 
lots of sharks treated in this manner. The necessary general 
explanations will be given in the discussion of the first table, 
while in the discussion of the subsequent tables I shall give only 
the facts which the tables show. 


TABLE 1 
5 sharks, captured before July 2, kept without food until July 22 
July 22, all sharks given 2 ec. each of oil of male fern 


July 23 the four surviving sharks given 1 ce. of calomel 


| 


~ NO. GIVEN SHARK | CONDITION OF CESTODES IN = 
Dare IN THIS SERIES | SHARK AT DEATH | SPIRAL VALVE ETDS 
= : H wes 
July: 23eee eee eon Nome | Dying | 6 C. lacinia- | 
| | tum found | 
| 
| | dead | 
Julie 2Ots eee | Nos. 2, 3, 4 Killed | No signs of Mucous mem- 
~ ? 3 d 


and 5 | | eestodes -— normal 


Table 1 shows the results obtained with five sharks which were 
starved from three to four weeks after capture and then given 
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2 ce. of oil of male fern, followed twenty-four hours later by about 
1 ce. (measured dry) of calomel. The dates and other points 
of importance are shown in the several columns, under appropri- 
ate headings. For convenience of reference, each shark is given 
a number. The column which shows the ‘condition at death’ is 
inserted because specimens did not always survive the treatment 
and thus some of those examined had died from its effects. Such 
specimens are marked ‘dead’ while others which were killed 
because they seemed about to die are marked ‘dying.’ The 
specimens which are marked ‘killed’ are those which appeared 
to be in perfect condition’ when they were taken and killed for 
examination. The specimens found soon after death (‘dead’) 
and those which were killed when they seemed likely to die 
(‘dying’), presented data of some value, for the reason that under 
normal conditions the death of the shark is not followed at once 
by the death and consequent disintegration of the parasites. 
One finds that living cestodes can be obtained from untreated 
sharks, which have been dead in the water, or lying exposed to 
the air upon the wharf for five or six hours and I have often seen, 
in my work with the students at the Marine Biological Labora- 
tory, spiral valves left exposed to the air all day yielding an 
abundance of C. laciniatum which were still alive and seemingly 
about as active as if taken from a shark just killed, and these 
worms if put into sea water may live for as long a period as forty- 
eight hours. In no case of an untreated shark which, on being 
injured by rough handling in my cars or by the collectors when 
first captured, was killed before it died from the effects of this 
handling did I find the approach of death in the host killing the 
parasites. We may therefore conclude that when, in a shark 
which has died very recently, or in one which has been killed 
because death seems approaching, there are found dead Cestodes, 
the worms have been killed by the drugs and not by the actual, 
or approaching, death of the host. Such cases have for this 
reason a sufficient value to be considered in the series. The 
objections against them are, first, that they do not represent indi- 
viduals taken at random, and second, that it is of no value to 
show that the worms are killed in the sharks which do not sur- 
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vive the treatment while other worms are not killed in the sharks 
which do survive. It should be remembered, however, that such 
non-survivors do not represent the weakest individuals in any 
lot, for the strongest were probably the ones which fought hardest 
when put in the holder and such very active sharks received 
rougher handling and perhaps they sometimes died from this 
cause. With these reservations, the specimens found soon after 
death and those killed when about to die, may be cited as showing 
the immediate effect of the drug upon the parasites. 

An important point, noted in some of the tables, is that about 
twenty-four hours after the dose of oil, that is, when the calomel 
was given, numbers of dead Crossobothria were squeezed from 
the anus as a shark was placed in the holder. Many entire 
worms of all sizes were thus obtained and these when placed in 
sea water slowly disintegrated, showing no signs of life, as they 
might have done if only stupefied by the oil. 

Of the five sharks here recorded, No. 1 was not in good condi- 
tion, though death did not seem near at hand, when it was killed 
the day after the oil was administered. It contained only dead 
C. laciniatum. Three days after the calomel was given the four 
remaining specimens were killed and examined, with the results 
which are shown in the table. They were all in good condition 
and the mucous membrane seemed quite normal. I may here 
state that my examinations of the spiral valves throughout this 
work have been most careful. In each case the outer wall was 
split longitudinally along one side and the cut continued down 
across the spiral folds to the opposite side. A similar cut was 
made across each fold along the middle of each half of the valve 
and the inner surface thus exposed as four parallel rows of trian- 
gular flaps, which were then examined one at a time under a lens. 
Where there was any such amount of chyme as to obscure the 
surface of the mucous membrane the valve was washed until 
clean and the washings examined in shallow dishes against a 
dark background. 

Table 2 shows the results in five sharks, which were given a 
heavier dose of the oil of male fern, and the calomel after an 
interval of forty-eight hours. After the dose of oil, shark No. 1 
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TABLE 2 
5 sharks, captured before July 1, kept without food 3 to 4 weeks 


July 18, all sharks given 4 cc. each of oil of male fern 
July 20, the three surviving sharks given 1 cc. each of calomel 


DATE “IN THis SERIES | SHARE AT DEATH | GrrRAL VALVE REMARKS 
duilyel Oe eer No. 1 Dying 1 strobilla Traces of oil 
dead in stomach 
TUN AD), oth oa bee No. 2 Dead No signs of Digestive tract 
cestodes considerably 
decomposed 
July 21, .......00-| Nos.s,4and 5 Killed No signs of Mucous mem- 
cestodes brane in good 
condition 
TABLE 2a 


1 shark, captured about June 15, and kept without food 


July 1, given several ec. of oil of male fern diluted with ether. 


| « 7 | oe 
NO. GIVEN SHARK | CONDITION OF | CESTODES IN 


EMARKS 
IN THIS SERIES SHARK AT DEATH | SPIRAL VALVE | a 


DATE 


| ee PT | sell oe hs 


| 
Uy FOR cee Killed | No signs of cestodes 


l 
seemed to be dying and was killed with the results indicated. 
No. 2 was found dead, but was a good deal decomposed and so 
the absence of worms may not mean much. The three surviv- 
ing specimens, which were killed twenty-four hours after the 
calomel, were without any cestodes. 

The results of these two experiments may be criticised on the 
ground that the sharks were not left alive long enough to show 
that more would not have died from the treatment, but my expe- 
rience has shown that when the animals survived this treatment 
for two or three days the subsequent mortality was not likely 
to be greater than among any other sharks kept in confinement. 
Some of the sharks noted in other tables were kept alive a much 
longer time. 
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Before I began using the gelatin capsules a single shark which 
had been in captivity a few days was given some oil of male 
fern diluted with ether. How much actually got into the stom- 
ach I do not know, as some was spilled in pouring the mixture 
down the tube which was thrust into the oesophagus. No calo- 
mel was given. Five days later when the specimen was examined 
there were small traces of the oil still in the intestine and no 
worms were found. 

TABLE 3 
20 sharks, captured July 4 to 7, kept without food 


; Se 


- 
DATE A oFeeeant | GGueE Aemauch | coman yore REMARKS 
| (Oke 
July 25, all sharks given 2 ec. each of oil of male fern 
erent e hee * i = onl ol RO 
JulyaZ Ose ee No. 1 Dead 9 scolices and | Decomposition 
bits of strobi-| not noticeable 
le, all dead | in intestine 
duly 265.5553. ¢ No. 2 Dying 2 dead Size of worms 
| not recorded 
Julya262 . eee No. 3 Dying /20 dead and © Size of worms 
| in the faeces | not recorded 
July s268 sen eee | No. 4 Dead _4 dead and in| Decomposition 
faeces of intestine 
| not noticeable 


July 26, the sixteen surviving sharks given 1 ec. each of calomel 


July ihe 2 No. 5 Dead No worms Decomposition 


just begun 
Julya2 See eee eee No. 6 Dead No worms 
JULY 283959 aoe No. 7 Dying No worms Mucous mem- 
brane normal 
dpily:3 seer ee No. 8 Killed | No worms Mucous mem- 
brane normal 


August 2, the twelve surviving sharks each fed on shark’s flesh 


— { | 7 = : > | 
AURUSU Tiere Aces No. 9 | Dead No data | Considerably 


| decomposed 
} 
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TABLE 3—(Continued) 


August 15, the eleven surviving sharks each fed on shark’s flesh 


| 


DATE Sees Ses Pee cesae | eee) | ees 

August 28....... No. 10 Killed No worms 
AMPUStiese fas No. 11 Killed No worms | 
August 28....... No. 12 Killed 1 Crossobothrium laciniatum 
AUpUSt 2oo.5% 05: No. 18 Killed 1 Crossobothrium laciniatum 
AUSUSt eS sen | No. 14 Killed 2 Crossobothrium laciniatum 

| young 

2 Crossobothrium laciniatum . 
| scolices 
1 Crossobothrium angustum 


The six remaining sharks survived the treatment to this date and later, and 
were used for infection experiments. When examined they gave results as follows: 


Acoust Liane ser No. 15 Dead No worms | Badly decom- 
: | | posed 
August 22....... No. 16 Dead No data | Badly decom- 
| posed 
Ameust2ousen ec No. 17 | Killed No worms | Normal 
August 31....... No. 18 Killed 1 Crossobothrium laciniatum 
| medium size 
NURI Bly on ono - | No. 19 | Kalled 8 C. laciniatum large, scolices 
| | 5 C. laciniatum, small 
August 3l..2 =: I) No..20 | Killed 7 C. laciniatum, medium size 
10 C. laciniatum, small 


Table 3 shows less satisfactory results than the foregoing, the 
net results being as follows: without parasites 11, found dead 
and so decomposed that no data were obtained 3; still infected 6. 

If the survivors alone are considered the results are not nearly 
so good, for out of ten surviving specimens (Nos. 8, 10, 11, 12, 
13, 14, 17, 18, 19, and 20) we have only four (Nos. 8, 10, 11, and 
17) which are entirely free of cestodes, while there are six (Nos. 
12, 13, 14, 18, 19, and 20) which are still infected. Of these six, 
Nos. 12, 18 and 18 have but a single parasite, so the chances are 
that some parasites have been eliminated, but Nos. 14, 19 and 20 
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show so many that one could not fairly claim any reduction as a 
result of the treatment. When, however, those specimens which 
were killed when they seemed in bad condition are taken into 
account, it is evident that many worms must have been elimin- 
ated, and the results indicate the elimination of many of the 
parasites from this lot of sharks, probably of all of them in those 
sharks which died from the treatment, but they also indicate that 
the dose as here given cannot be relied upon. 


TABLE 4 


12 sharks, captured before July 2, kept without food 


| 
vars AR an i gumonne | euanes 
July 28, each shark given 2 cc. oil of male fern 
July 29, each shark given 3 cc. calomel 

Augusts0)...... No. 1 Dying No worms Traces of oil 
and calomel 
in gut 

Aust: Wore No. 2 Killed No worms Gut normal 

ATICUStr ones No. 3 Killed No worms Gut normal 

Aust: 4-22 -ee No. 4 Killed No worms Gut normal 

Aumust 16oe ace " No. 5 Dead No data Decomposed 

Aurusth dd! . 2: No. 6 Killed 1 C. laciniatum, scolex 

AIOIStel en ee No. 7 Killed 3 C. angustum, small 


3 C. laciniatum, small 


August 18, the five surviving sharks each fed on shark’s flesh 


7 eee Be ee At : 
August 28....... | No. 8 | Dead No data | Decomposed 
| 
| 


August 29....... No. 9 Killed 1 C. laciniatum, small 
August 30....... No. 10 Killed 2 C. laciniatum small found 


at very anterior end of 
| spiral valve 
August 30....... J "Nott | Killed No worms 
AUpUStisOn se No. 12 | Killed 2 C. laciniatum, large and 
with ripe proglottids 
1 C. laciniatum, small 
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Table 4 shows five cases of entirely successful expurgation 
(Nos.1,2,3,4 and 11). Specimens Nos.9 and 10 had respectively 
one and two worms, while No. 12, since it has two large worms 
with ripe proglottids, does not justify the conclusion that the 
number of the parasites was even reduced, and No. 7 must be 
regarded in the same way. 


TABLE 5 


12 sharks, captured July 25 to August 6, kept without food 


| | 
NO. GIVEN SHARK | CONDITION OF 


pete IN THIS SERIES SHARK AT DEATH | 


REMARKS 


| 
CESTODES IN | 
SPIRAL VALVE | 


August 17, all sharks given 2 cc. each of oil of male fern 


l 

AUgISt 135-4, seee | No. 1 Dying | No worms ~ | Dead worms 
| from anus in 
| handling 

August 18)... ). | No. 2 Dying |» Noworms | 

AUISUISt sl San oneee | No. 3 Dead No worms Dead worms 
| from anus in 


| 


| handling 


August 18, the nine survivors given 3 cc. each of calomel 


AUS USGOU see ee No. 4 Dying | No worms Gut normal 
August Sl... .. 2: No. 5 Kalled No worms Gut normal 
AUPUSt Ol. se. | No. 6 Killed No worms ' Gut normal 
August 31....... |) eNoso 7 Killed No worms | Gut normal 
AU CUStO lee | No. 8 Killed No worms | Gut normal 
August) shee se No. 9 Killed | No worms | Gut normal 
AMICUS hi eee ee No. 10 Active No data _ Escaped 

August 31....... No. 11 Killed 8 C. laciniatum, medium size 
Australes er No. 12 Killed | 4C. laciniatum, medium size 


Table 5 has twelve sharks, less one which escaped during the 
handling. Of these eleven individuals, Nos. 5, 6, 7, 8 and 9 
were without any infection, Nos. 1, 2, 3 and 4 did notsurvive, 
but showed that the drug had killed the parasites. Nos. 11 and 
12 have respectively eight and four specimens of C. laciniatum 
and hence must be counted as against the effectiveness of the 
treatment. 
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It so happened that no shark, in which the Crossobothria sur- 
vived, was killed among the first in any lot; as may be seen by 
reference to the dates on tables 1, 2, 3, 4 and 5. Thus by the 
11th of August my records showed thirteen sharks which were 
killed when in perfectly good condition, six others which were 
killed, when it seemed that they were likely to die, and seven 
others, which died from the treatment and in not one of these had 
I found a single living Crossobothrium. This seemed to demon- 
strate the effectiveness of the single treatment with the oil of 
male fern, which was therefore continued, the sharks which sur- 
vived it being kept for infection with the 8S. polymorphus. Later, 
when sharks began to appear in which some of the worms had 
survived, the season was so far advanced that there was neither 


TABLE 6 


9 sharks, captured August 6 to 9, kept without food 


NO. GIVEN SHARE 
IN THIS SERIES 


CONDITION OF 
SHARK AT DEATH 


CESTODES IN 


E oI 
BL SPIRAL VALVE | “OREN ESS) 


August 18, all sharks given 2 cc. each of oil of male fern 
August 19, all sharks given 3 cc. of calomel 
August 19, dead Crossobothria from anus of one specimen in handling 


August 30... 7 | No. ill Dead No worms | Decomposed 
| a little 
August 30....... | No. 2 | Alive No data | Escaped 
August 30, ave the seyen survivors 3 cc. each of oil of male fern 
es i Te eae Be ES iceable 
d INO Worms No noticea 
September 1..... No. 3 Dea decomposi- 
| | tion : 
| iceable 
d No worms No noticeal 
September 1....-| Neem e decomposi- 
tion 
1 
Killed No worms Gut norma 
September 2...-. No. : aa ed No worms Gut normal 
September 2...-- No. : Killed No worms Gut normal 
Ssptember 2...-- No. : Killed No worms Gut normal 
September 2...-- No. ate Sirens Gut normal 
September 2...-. No. 9 
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TABLE 7 
Showing the results of infection experiments 
NO. | 
Sete eee Se KtanNe FED INFECTED FED REMARKS 
CAPTURE SERIES WITH O.M.F. 
July 6 .\No. 1] July 25 August 9 | August 10 
ily Geers No. 2| August 1-3) August 4 | August 8 | August 10 
July 6.....|No. 3| August 1-3] August 4 August 8 | August 10 
Juliveleecer No. 4| August 1-3} August 10 | August 11 
July 15.....No. 5| August 1-3} August 10 | August 10 Fed at time 
dil @es so - No. 6 | August 1-3 August 9 | August 10 | of infection 
JiUbY Weso0c No. 7 | August 1-3 August 9 | August 10 
July 1.....{No. 8 | August 1-3} August 10 | August 11 
Aiwlhy Wcoee No. 9 | August 1-3| August 10 | August 11 
TABLE 7—Continued 
Showing the results as in tables 1 to 6 
NO. GIVEN 
DATE Deere nee Soak CESTODES IN SPIRAL VALVE. REMARKS 
ABOVE DEATH 
August 12.... No. 1 Dead Many S. polymorphus found attached 
to the wall of the stomach and to the 
bit of the squeteague’s stomach in 
which they were placed when intro- 
duced. The gut was slightly decom- 
posed, but the larvae were still alive. 
August 16....| No.2 Dead No data. Badly decomposed 
August 31....| No.3 Killed Many small Phoreiobothrium trilocu- 
latum. See text p. 846 
September 1..| No. 4 Killed 3 C. angusvum, small 
3 C. laciniatum, small 
7 Phoreiobothrium triloculatum. 
September 1..| No. 5 Killed 3 C. laciniatum, small. 
September 1..| No. 6 Killed 8 C. lacininatum, large with the long 
neck region 
5 C. laciniatum, small 
September1..| No.7 Killed 10 C. laciniatum, small. 
7 C. laciniatum, medium 
September 2..| No.8 Killed 3 C. angustum, small 
Many Phoreiobothrium triloculatum 
September 2.. No. 9 Killed 1 CG. laciniatum, scolex only. 
Many Phoreiobothrium triloculatum 
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the time nor the material for trying a modification of the treat- 
ment upon any considerable number of sharks. Only nine 
sharks were differently experimented upon and the results 
obtained are represented in table 6, the net results of which are; 
without infection, 5; found dead but in sufficiently good condition 
to give reliable evidence that the worms had been killed by the 
drug, 3; escaped, 1. 

The results of all the expurgation experiments may be summar- 
ized in the table which follows: 


TABLE 8 


Showing net results from all experiments in treatment with oil of male fern 


| SHARKS WHICH DIED UNDER THE TREATMENT, 
SURVIVING SHARKS | BUT IN WHICH THE WORMS WERE ABSENT OR 
HAD BEEN KILLED BY THE OIL OF MALE FERN 


TABLE REFERRED ol eae uf Cee eee 
| No infection | Still infected | mae sess er ‘Found dead Total 

| 

| 
1 4 if 5 
2 3 1 1 5 
3 4 6 3 4 17 
4 5 4 1 10 
5 5 Pe 4 11 
6 5 3 8 

| 

f ; Peis 
26 2 13 | 5 | 56 


In this table, a few specimens which were found dead and so 
decomposed as not to yield reliable data are omitted. The speci- 
mens which survived treatment are of course most important 
and stand in the proportion of 26 for and 12 against the success 
of the attempted expurgation. Of the non-surviving sharks we - 
have 13 specimens taken while still alive and all showing that 
worms were killed, as a result of the treatment and some time 
prior to the death of the shark. When one compares the number 
of worms found in these treated sharks with the tables and records 
showing their prevalence in sharks which have had no such treat- 
ment, it will be quite evident that a large proportion of the 
parasites must have been eliminated even by the single dose. 
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In those sharks which were given the double dose of o. m. f. 
(table 6) not a single cestode was discovered, but as only eight 
specimens were thus treated the number of trials is insufficient 
to show that even this treatment may be regarded as always 
effective. It is perhaps too much to expect a treatment that 
will be entirely effective in every instance, nor is such a treatment 
necessary, for a stray worm or two in one shark out of a dozen 
would still give us a result good enough for practical working 
purposes. Unsatisfactory though my results are, they do, I 
think, justify the belief that a little more experimenting along 
the line of repeating the dose one or more times would develop 
a method of treatment sufficiently effective for working purposes, 
i.e., will eliminate all the parasites, except in rare instances, 
without killing too many of the sharks. If such a method can 
be found, the sharks thus expurgated could be used in a variety 
of experiments. For example, by introducing young Crosso- 
bothria into a shark one might expect to find out more than we 
now know about the rate of growth and the maturing of pro- 
glottids in the cestoda, and another point worth examin- 
ing would be the truth of the current idea that it is the inability 
of the cestode to survive in the wrong host which limits the 
habitat of a given species of parasite to a single host, or to a few 
closely related hosts. This latter point might, indeed, be in- 
vestigated by the infection of sand sharks with larval forms 
other than the ones known to occur in that host, but where the 
normal infection is so great the examination of the specimens 
would be much easier if the host was first freed of all infection. 
An insufficient supply of squeteague during the latter part of 
the second season made it impossible for me to make more than a 
few infections after the method of treatment, as above described, 
had been established. Only nine sharks were so infected and 
none of these was killed until about three weeks after the infec- 
tion had been introduced. Hence the material is wanting to 
show my transitional stages between the 8. polymorphus and the 
young specimens of Phoreiobothrium (figs. 9, 10 and 11) which 
I believe to have come from this larva. This lack of early stages 
resulted not because I chose, having only a limited number of 
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infections, to let them all run as long as possible, but because the 
sharks first infected were kept to run longest; while later infec- 
tions were planned for the earlier stages, an arrangement which 
would give the most extensive time results in a limited time. 
When, however, the time came for infecting the sharks from 
which to secure the earlier stages, the squeteague could not be 
obtained in numbers sufficient to yield the larvae for infection 
purposes. 

Of the nine specimens, two died in the cars and from one of 
these two no data were obtained, so there are only seven speci- 
mens from which entirely reliable conclusions can be drawn. 
The sharks used were all starved for three or four weeks after 
their capture and then given 2 ce. each of the oil, followed twenty- 
four hours later by about 0.5ce. of calomel. They were all 
specimens which had survived this treatment and the history 
of each individual previous to the time of the infection is given 
in the first half of table 7. Since there is no evidence connecting 
the genus Crossobothrium with the 8. polymorphus, this table 
may also be used to furnish data on the success of the attempt at 
expurgation. The first part of the table gives the dates of cap- 
ture and of the treatment with the drugs, between which events 
the sharks were kept in the cars without food. The dates at 
which they were fed are also shown for comparison with the dates 
of infection. Each shark is numbered, as in the previous tables, 
and these numbers are repeated in the second half of this table 
where the results of the examinations for parasites are tabulated 
in a manner similar to that followed in the tables for treatment 
with the oil. 

In introducing the S. polymorphus into these sharks I took the 
portion of the cystic duct containing the larvae from twelve 
squeteague, and placed these in the little sac obtained by cutting 
off the end of a squeteague’s stomach. This sac was turned wrong 
side out to avoid any possible injury from direct contact with 
the mucous membrane of the squeteague. The infection thus 
prepared was introduced into the shark’s stomach by pushing it 
through a piece of iron pipe having a diameter sufficient to 
admit such an object without undue pressure. For food, I used 
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the flesh of another sand shark in preference to that of a teleost, 
since there is the minimum likelihood of finding any cestode 
larvae in the flesh of a large shark; whereas a teleost may, in 
addition to its normal parasites, contain almost any thing in the 
way of a ‘xenositic’ larva. All the sharks were fed shortly before 
or after their infection, as is shown in the first half of the table. 

The latter part of table 7 shows the results when -these same 
sharks were examined for parasites, and by reference to the num- 
ber given each specimen, one may follow any one fish through 
the two parts of the table. The only shark examined soon after 
the infection is No. 1, which was found dead. In this shark, 
specimens of the §. polymorphus were found adhering to the 
surface of the shark’s stomach and to the remains of the bit of 
squeteague’s stomach in which they had been introduced. Al- 
though this specimen was not found until decomposition was 
quite in evidence, these larvae still showed some slight movements 
and had therefore survived in the stomach for a period of three 
days. Shark No. 2 died during my absence from Woods Hole 
and was so badly decomposed when found that no data were 
obtained. In the spiral valve of specimen No. 3 there were a 
very large number of young Phoreiobothrium triloculatum 
(figs. 9,10 and 11). I collected and preserved some thirty-five 
of these worms, but this number represents only a small part of 
those present. Owing to their minuteness when only the deli- 
cate posterior end can be seen protruding from between the villi 
of the intestine and the tenacity with which their powerful 
hooks enable them to retain their hold, these larvae are often 
very difficult to detach from the walls of the spiral valve, though 
they may be large enough to be easily recognized. There must 
have been present in the shark many more than I collected; for 
taking into account the ones actually seen but not collected, I 
estimated at the time that there were a good many more than one 
hundred of these young worms in this single fish. A fact of per- 
haps more importance than their numbers is that in any one shark 
they were all in the same stage of development. 

Shark No. 4 shows three specimens of C. laciniatum which are 
to be regarded as worms which survived the expurgation treat- 
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ment. Seven small specimens of P. triloculatum were collected, 
but in this case it was evident that the valve contained a much 
smaller number of these than the previous one. My notes 
taken at the time state that no more were seen in addition to those 
actually collected, although there may have been some toward 
the anterior end where the villi are longest. Specimens Nos. 5, 
6 and 7 all present evidence against the effectiveness of the ver- 
mifuge. In 6 and 7 the numbers of surviving cestodes is so 
great that no certain effect from the drug is indicated. There 
is perhaps some significance in the fact that here, as in some 
other cases where the worms are found surviving the effects 
of the oil, the proportion of young to adult specimens is 
somewhat increased. This may indicate that the drug is more 
effective with the large worms which have long bodies extending 
among the folds of the valve than with very young ones which 
may often be almost buried among the villi and so escape the 
full effects of the drug. In this table there are recorded from 
specimens 4, 5, 6, 7, 8 and 9 a total of 48 surviving Crossobothria. 
Of these only 9 are beyond the period of segmentation into 
proglottids and from what we know of the proportions in which 
the young and old are commonly found it would seem that the 
drug has destroyed more adult than young worms. This con- 
clusion is of course based upon my belief that these young Crosso- 
bothria have not come from the introduced 8S. polymorphus. 

In sharks Nos. 8 and 9 the same condition was found as in No. 
3, namely, so many specimens of small P. triloculatum that the 
counting them was an impossible task. Later when I examined 
very carefully the preserved specimens I[ found that the Phoreio- 
bothria from any one shark were of uniform size, but that when 
those from different sharks were compared there was some differ- 
ence in the size attained. For instance those from specimen 9 are 
almost twice the size of the ones from specimen 3. This differ- 
ence in size is noticeable only in the body portion of the larvae, 
the scolices being of very uniform size. 

The presence of the C. laciniatum and a few C. angustum, 
although there are more young specimens among them than one 
would expect to find in sharks taken at random, does not seem 
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to indicate anything except the ineffectiveness of the attempt at 
expurgation. There can be no interpretation of the facts which 
would show that the 8. polymorphus had given rise to these 
Crossobothria. 

Despite the lack of intervening stages between the S. poly- 
morphus and the specimens of P. triloculatum, which I found 
in these sharks, I think there is some pretty good evidence 
that the latter have developed from the introduced 8. polymor- 
phus. First, the examination by myself, and also by Linton, of 
a large number of sand sharks at various times has never shown 
that young or adult specimens of Phoreiobothrium triloculatum 
are to be found as regular parasites of this shark, or as frequent 
‘xenosites.’ I have never found this form in any sharks except 
those which I infected with the 8. polymorphus. It is very prob- 
able, however, that one might at any time find stray specimens of 
this worm, since the squeteague is a not uncommon food of this 
shark. The failure to find it in any of the sharks I have examined 
would indicate that it does not often survive, when introduced in 
nature along with the squeteague, and in my experiment only a 
small proportion of the larvae introduced have survived. Second, 
the specimens of P. triloculatum which I found in any one shark 
were of very uniform size, and unless we suppose that there is 
some limit to their growth, when in an abnormal environment 
(the wrong host), this would indicate that they all entered the 
shark at about the same time. In the third place this conclusion 
is also in line with the results of Monticelli (’88) who has shown 
that the S. polymorphus of European waters develops into the 
genus Calliobothrium, which belongs to the same family as Phore- 
iobothrium, a fact which is further discussed in the portion of 
this paper which deals with the nature of the 8. polymorphus. 

Attention should here be directed to one point which has per- 
haps suggested itself from the examination of the figs. 7-13. 
This is that the specimens of the young P. triloculatum (figs. 9 
and 10) are considerably smaller than some of the specimens of 
the S. polymorphus, from which I suppose them to have devel- 
oped. This appeared to me at first a most serious objection, 
though upon further consideration it does not seem an insur- 
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mountable one. The ragged and irregularly constricted ends 
of some of the specimens (figs. 7 and 8) suggest that part 
of the body is being lost, as in the case in the development 
of the strobila in those forms which have a typical bladder-worm 
stage. Again, while the body region is smaller than that of 
the larger specimens of the S. polymorphus (fig. 12) the scolex 
of the young P. triloculatum (figs. 9, 10 and 11) is considerably 
larger than that of the S. polymorphus. I should also add that 
fig. 12 represents one of the very largest of the larvae and has 
been killed under pressure to flatten the body and make it more 
suitable for a whole mount whereas the specimens of P. trilocula- 
tum were killed without pressure and the body has remained 
cylindrical. The 8. polymorphus reaches this size (fig. 12) only 
in the cystic duct and the smaller specimens present a lesser 
disparity in size. I am inclined to think that in the case of such 
large specimens portions of the S. polymorphus body may be 
moulted off just as in the case of the bladder portion in the cys- 
ticercus. One constant feature of the larger specimens of the 
S. polymorphus has, perhaps, some significance in this connec- 
tion. It is the occurrence of a denser region which terminates 
abruptly a little way behind the scolex (fig. 12). In a specimen 
stained and mounted whole after the carbonate of lime gran- 
ules, which occupy so much of the parenchyma in the body 
region, have been dissolved out, one can distinguish this region 
as having the same denser appearance as the tissue in the body 
of the young Phoreiobothria (figs. 10 and 12) or the region of 
proglottid formation in young specimens of C. laciniatum. It 
is possible that the scolex and this region of the S. polymorphus 
are the most important in the formation of the adult worm and 
that part or the whole of the body region may be lost. It seems 
probable that larvae like the 8. polymorphus have been derived 
from larvae of the cysticercus type and, if this be the case, it 
would not be surprising to have a part of the body region lost 
at this point in the development. 
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Experimental infections of the sand shark (Carcharias littor- 
alis) with the cestode larva known as the Scolex polymorphus 
indicate that the larvae used for these experiments developed into 
the species Phoreiobothrium triloculatum. It seems clear that 
the common tapeworm (Crossobothrium laciniatum) of this 
shark cannot come from the Scolex polymorphus, even though 
this larval type may represent the young of a number of cestodes, 
a possibility which is referred to in the third section of this paper. 

Starving the sharks had no effect upon the cestodes, but by 
means of treatment with the oil of male fern followed by calomel. 
the great majority of the parasites wese eliminated before the 
sharks were artificially infected. It seems probable that by a 
little more experimentation a method of treatment could be 
secured, which, for eliminating these parasites, would be suffi- 
ciently effective for all working purposes. 


THE SCOLEX POLYMORPHUS 849 


LITERATURE CITED 


BrRoNN, THImRREICH 1894-1900 Cestodes. 


Curtis, W. C. 1903 Crossobothrium laciniatum and developmental stimuli in 
the cestoda. Biol. Bull., vol. 5, no. 2, July, 1903. 
1906 The formation of proglottids in Crossobothrium laciniatum. 
Biol. Bull., vol. 11, no. 4, Sept., 1906. 


Linton, Epwin 1886 Notes on the entozoa of marine fishes of New England, 
with descriptions of several new species. Rept. Commissioner of Fish 
and Fisheries for 1886. Washington. Published in 1889. 

1887 Notes on the entozoa of marine fishes of New England. Part II. 
Ibid. for 1887. Washington. Published in 1890. 

1897a Notes on larval parasites of fishes. Proc. U. S. Nati. Museum, 
vol. 19, Washington. 

1897b Notes on cestode parasites of fishes. Ibid., vol. 20, Washington. 
1899 Fish parasites collected at Woods Hole in 1898. Bull. U. S. 
Fish Commission for 1899. Washington. Published in 1900. 

1899 Parasites of fishes of the Woods Hole region. Ibid. for 1899. 
Washington. Published in 1901. 

1904 Parasites of fishes of Beaufort, North Carolina. Ibid. for 1904 
Washington. Published in 1905. 


Montice.u, F. 8. 1888 Contributione allo studio della fauna elminthologico 
del golfo di Napoli. 1. Richerche sullo Scolex polymorphus. Mitth. 
zool. Stat. Neapel, Bd. 8, p. 85-152. 


Peck, James I. 1895 The sources of marine food. Bull. U. S. Fish Commis- 
sion for 1895. Washington. Published in 1896. 


Rupoupui, C. A. 1808 Entozoorum sive vermium intestinalium historia natur- 
alis. Vols. 1 and 2. 1808 and 1809. 


vAN BENEDEN, J. P. 1850 Les vers cestoides. Bull. de l’Academ. roy. de Belg. 
Tome 17, no. 1. 


WaGeENER, C. R. 1854 Die Entwicklung der Cestoden nach eigenen Untersuch- 
ungen. Nov. Act. d. k. Leop-Carol. Akad. d. Naturf. Bd. 24, suppl., 
Breslau. 


ZscHoKKE, F. 1886 Le development du Scolex polymorphus. Arch. d. se. 
phys. et. nat., 3 ser., Tome 16, Genéve. 


PLATE 1 


EXPLANATION OF FIGURES 


1 Outline of a living specimen of the Scolex polymorphus. The stippled areas 
just behind the four bothria show the location of the faint red pigment spots 
seen in some specimens. Magnified about 45 diameters. 

2 Specimens of the Scolex polymorphus drawn from the living specimen to 
show the characteristic mode of attaching with all four suckers to the bottom 
of a dish in which they are being examined and the manner in which they fasten 
to one another. Magnified about 45 diameters. 

3 and 4 Outlines of the Scolex polymorphus drawn from living specimens 
to show other characteristic shapes. The area occupied by the large and small 
vascular trunks of either side and the terminal vesicle are added to fig. 3 as 
they appear in a stained specimen. The filiform appearance shown in fig. 4 
is often seen as the larvae draw themselves over a surface by the characteristic 
movements of their bothria. Magnified about 45 diameters. 

4a From a specimen stained and mounted whole, showing a portion of the 
body region on a large scale. The cuticle (cu), the larger and smaller excretory 
trunks (wt) and the conspicuous longitudinal muscle fibres (mf) are shown. The 
stippling indicates the distribution of nuclei in the parenchyma as it appears in 
optical section. Along part of the upper margin are shown the minute projec- 
tions which occur upon the cuticle in the posterior part of the scolex region and 
for a short distance along the body, finally giving place to the smooth cuticle 
as shown in the figure. Magnified about 200 diameters. 

5 Scolex of a young Phoreiobothrium triloculatum, taken from a sand shark 
artificially infected with Scolex polymorphus (see shark no. 3 of table 7). This 
view shows the division between two neighboring bothria along the mid-line of 
the figure. The characteristic pairs of hooks are shown attached along the 
line separating the upper and middle loculi of each bothrium. In this figure the 
subdivision of the posterior margin of the bothrium into three loculi, from which 
the specific name is derived, is not seen because the contraction of the lower mar- 
gin brings their surface at right angles to the general surface of the bothrium. The 
area on the mid-line of the figure toward the anterior end of the scolex, and marked 
by the closer stippling, appears in some specimens and may represent the ‘myzo- 
rhynchus’ of the Scolex polymorphus. Theminute spikes protruding from the neck 
region of the cuticle are shown in profile only. Magnified about 90 diameters. 

6 The same as the last figure. One of the bothria is shown in front view and 
the three posterior loculi are expanded so as to show clearly. Magnified about 
100 diameters. 
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PLATE 2 


f EXPLANATION OF FIGURES 


7 and 8 The posterior end of a young specimen of Phoreiobothrium from 
a shark artificially infected with the Scolex polymorphus. These figures show 
the formation, either of psuedo-proglottids which are molted, or an irregular 
beginning of true proglottid formation like that of Crossobothrium laciniatum 
(Curtis, 06). The figure shows so much irregularity that the process does not 
seem lke true proglottid formation and the posterior end shows a peculiar outline 
which probably indicates that part of the specimen has been lost. Only the larger 
pair of the two water trunks is shown. Magnified about 70 diameters. 

9 One of the largest specimens of Phoreiobothrium triloculatum which was 
secured from the artificially infected sharks (see shark no. 8 of table 7). This 
is one of the few specimens which showed a segmentation of the posterior end 
sufficiently regular for comparison with the formation of the posterior proglot- 
tids in Crossobothrium laciniatum. The scolex of the specimen is shown in out- 
line only. The area of the minute spikes is shown and back of this the two pairs 
of water trunks which in such a view are superposed throughout the length of the 
body, are here shown in successive regions. Magnified about 70 diameters. 

10 and 11 Two of the smallest of the specimens of Phoreiobothrium trilocu- 
latum obtained from the artificially infected sharks (see shark no. 3 of table 
7). The specimens represented in fig. 10 was ragged at the posterior end as 
though portions had been detached. Magnified about 70 diameters. 

12 and 13° Show in more detail the features of the Scolex polymorphus. In 
fig. 12 the ‘myzorhynchus’ or proboscis-like structure is shown at the anterior 
end between the four bothria. The larger and smaller water vascular trunks are 
shown in successive regions and their convergence toward the posterior end where 
the vesesls become irregular and branched so that they can only be followed as an 
area of differentiation in the parenchyma. Each bothrium consists of a denser 
portion divided into three regions or loculi in the older specimens (fig. 12), and 
in those slightly smaller often showing only the line of division at the anterior 
end (fig. 13). In fig. 13 the opening of the terminal vesicle of the water tubes is 
seen in surface view, the posterior end of the specimen being slightly turned toward 
the observer. Magnified about 70 diameters. 
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INTRODUCTION 


To what extent or within what limits are the definitive characters 
of the individual determined at the time of fertilization and in how 
far are the minutiae of organic structure to be considered as the 
product of individual variability beyond the limits of hereditary 
control? No more fundamental question could well be raised, 
and none more difficult of solution. The question has recurred 
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in various guises, but the underlying inquiry has remained un- 
changed. In one of its older forms the question is phrased: 
“What is the relative potency of nature and nurture in develop- 
ment?” In some of its more modern phases it appears in terms 
of ‘predetermination versus epigenesis,’ ‘blastogenic versus soma- 
togenic variation,’ and ‘heredity versus environment.’ 

In spite of the antiquity of the problem very little direct evi- 
dence has appeared for its solution. So far as we have been 
able to ascertain, the only facts that seem to throw any clear 
light on the situation are those furnished by cases of human 
‘identical’ twins. As long ago as 1875 Galton showed his appre- 
ciation of the value of such data in his paper entitled ‘‘ The his- 
tory of twins, as a criterion of the relative powers of nature and 
nurture.’ In a subsequent paper (Galton, 92) he made use of 
finger-prints as criteria for distinguishing between twins and as 
a suitable character for testing the degree of likeness and unlike- 
ness of such pairs. That he had a deep insight into the under- 
lying fundamental problems involved in the situation is shown 
by his remark: “It may be mentioned that I have an inquiry 
in view which has not yet been fairly begun, namely to determine 
the minutest biological unit that may be hereditarily transmis- 
sible. The-minutiae in the finger-prints of twins seem suitable 
objects for this purpose.”’ 

In 1904, Wilder, interested in the same problem, presented a 
comprehensive review of the whole subject in his paper on ‘‘ Du- 
plicate twins and double monsters.’ His results are of great 
interest and will, we hope, assume a still greater significance in 
the light of the facts here presented. Wilder discovered a sur- 
prising degree of resemblance between the palm and between the 
sole patterns of duplicate twins and was able, he thought, to clas- 
sify twins as ‘fraternal’ or ‘duplicate’ on the basis of this resem- 
blance. In addition, the following phenomena were observed in 
the majority of cases, but were not universal: 

(1) A bilateral correspondence in the palms and soles of each 
individual of a set. 

‘‘(2) A reversal of the finger patterns in either of the right or 
the left indices. 
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‘‘(3) Differences occur more frequently on the left side.” 

In his concluding paragraph, here quoted, are given in concise 
form the chief results and conclusions derived from his studies 
of duplicate twins: 


The influence of the germ-plasm and its mechanism (i.e., the direct 
control exercised by heredity) is exerted upon the friction-skin surfaces 
only so far as concerns the general configuration, i.e., the main lines, the 
patterns and other similar features; the individual ridges and their 
details (minutiae) are apparently under the control of individual me- 
chanical laws to which they are subjected during growth. Have we then 
arrived at the limit of the control of the predetermining mechanism beyond 
which mechanical laws are alone operative; and is it then possible to hold 
that the modifications in this latter field are the results of individual expe- 
rience, and that they are similar in the various members of a given species 
solely because of similar environment? To these and similar questions 
we can give no answer at present; yet it seems likely that in the general 
subject of palm and sole markings, not only in man but in other mam- 
mals as well, we have a set of easily observed and very significant data 
which may yield important results to future investigators. 


In addition to his data on palm and sole patterns Wilder fur- 
nishes us with rather elaborate physical measurements of four 
sets of duplicates. He realizes, however, that dimensional data 
are ‘‘far less determinative than are other characters employed, 
since they are liable to fluctuations through numerous causes, 
both internal and external, and it could hardly be expected that 
the similarities here would be very striking.’”’ Yet some most 
striking physical resemblances have been brought out by different 
authors. Vernon (’03), for example, gives the data for two pairs 
of identical twins, one of which, aged twenty-three, showed an 
average per cent difference of 0.28 per cent; while the other, 
aged twelve, a somewhat greater difference of 0.71 per cent. 
Weismann presents the data on one pair of twin brothers, aged 
seventeen, who showed a per cent difference of 2.2, nearly ten times 
that of Vernon’s first pair and about three times that of his second. 

Wilder’s measurements include a much wider range of charac- 
ters than do the others cited and are therefore probably of some- 
what greater value. Table 1 presents a brief summary of his 
data. 
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TABLE 1 


Showing physical statistics of Wilder’s twins 


ser Sue Gos es oe AGE IN YEARS 
Te eee de en eae 27 2.39 21.10 
THA kira e kee eden 27 2.35 lyf lil 
TUIEVSY,. Set ar ee ewe 27 1.64 lO 
DA Ga a eeye, Gee SeRee ars et ee 50 1.76 ilefaaul 
Migane 85.5. 2.03 18.1 


Although Wilder realizes that dimensional and other physical 
measurements ‘“‘should be taken during the younger life or at least 
before there is any marked difference in the experience,” yet he 
apparently considers that in all of his four sets, whose ages range 
from seventeen to twenty-one years, “these conditions are met 
with, as they are all those of young people.’’ Seventeen or more 
years of post-natal life would seem, however, to be sufficient for 
the operation of nutritional differences, some of which might tend 
to cause originally identical characters to diverge, and others, 
originally divergent characters to converge. It would seem to 
be inadvisable then to attempt to draw the line between nature 
and nurture on the basis of physical characters so subject to 
modification by environment, for a variation in nutrition alone 
might readily produce all of the differences shown in the sets of 
physical measurements cited. Nutritional differences doubtless 
manifest themselves even before birth, and hence would tend to 
vitiate the results of physical measurements taken on new-born 
duplicates even if such were available. Consequently it would 
seem advisable to limit investigation to those characters which 
reach a definitive condition at an early period and which are sub- 
ject to little or no modifications due to nutrition. The patterns 
of the friction ridges of the palm and sole are characters of this 
sort and should give highly reliable data as to the strength of 
hereditary control. But even this data, interesting and suggestive 
as it is, can be accepted only with a considerable amount of 
reservation; for it has, in common with all other data derived from 
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a comparison of human identical twins, the fundamental weak- 
ness that it is based on an assumption which is clearly beyond the 
possibility of proof. Because certain twins exhibit a most strik- 
ing resemblance, it is assumed that they have been derived from 
a single fertilized egg. As Weismann (’02) expresses it, ‘“‘ Wir 
haben nun allen Grund, die erste Art von Zwillingen von zwer ver- 
schiedenen Hizellen abzuleiten, die letztere Art von einer einzigen, 
welche erst nach der Befruchtung durch eine Samenzelle sich in zwer 
Ever getheilt hat.” 

Were it possible in a number of cases to determine by exami- 
nation of the placental relationships of new-born twins whether 
they were duplicates or fraternals, and were it also possible to 
obtain data on these cases whose uterine history was known, we 
would have facts from which we could with confidence draw 
conclusions. Unfortunately, however, although monochorial 
twins have been observed at birth, no interest has been manifested 
in their resemblances. In view of the lack of satisfactory criteria 
‘as to the origin of the twins investigated, the writers on these 
subjects have reasoned backwards from the facts of resemblance 
to the assumption of common origin, a procedure far from safe, 
but doubtless justified by circumstances. An arbitrary criterion 
is thus set up for the classification of twins; and those that come 
up to specifications are classed as ‘duplicates,’ while those that 
fail to meet the arbitrary requirements are relegated to the rank 
of ‘fraternals.’ One cannot but be impressed, as he reads Wilder’s 
monograph, with the author’s feelings of uncertainty as he attempts 
to classify certain pairs. The following extracts indicate his 
attitude: 

No. VII. This casehascaused me considerable trouble, owing to the 
preconceived notion that the marks ought to be found identical. The 
family emphasized the facial resemblance of these twins and when I 


first saw them they certainly looked much alike. One was, however, 
an inch taller than the other, and the facial resemblance, after a short 


acquaintance did not seem as great. . . . The case is plainly one 
of fraternal twins that resemble one another somewhat more than the 
average. 


No. XIII. According to personal appearance these should be dupli- 
cates. I have never seen them, but the one who took the prints 
wrote: ‘The Misses*—— are so similar in coloring, figure and features 
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that even their best friends confuse them.’ It must be confessed, how- 
ever, that the differences in the formulae cannot be reconciled, and that 
the palms are, and remain, in respect to the main lines, very different. 


*In the light of the results presented below we are inclined to 
believe that Wilder was not justified in thus arbitrarily exclud- 
ing from the category of ‘duplicates’ such cases as those referred 
to, for we have found not a few sets of armadillo foetuses which 
exhibit greater differences than some of Wilder’s so-called ‘fra- 
ternals.’ Hence, although the results of his studies are valuable 
and highly suggestive, they are insecurely founded and therefore 
cannot be applied to the solution of the problem of the limits of 
hereditary control. 

The material which forms the basis of the present investigation 
consists of a collection of advanced sets of foetuses (removed 
from the uterus with all of their placental connections intact) of 
a species of mammal, Tatu novemcinctum, in which we have 
demonstrated conclusively the existence of specific polyembryony ; 
and hence all sets of embryos, whether strikingly similar or not, 
are known to be the product of the division of a single fertilized 
egg. The basic assumption involved in the case of human dupli- 
cate twins is thus obviated, and at the same time it is possible 
to eliminate the factor of a diverse post-natal environmental 
experience by examining unborn foetuses, whose inter-relation- 
ships are shown by their placental connections. In the scutes 
of the banded region we have characters little if at all subject, 
even during gestation, to environmental control. We plan in 
the present paper to present an intensive study of the phenomena 
of blastogenic variation as exhibited by these integumentary 
elements, limiting our present investigations to the well defined 
banded region, believing that the conclusions arrived at from the 
study of one region will prove to be generally applicable, and that 
what is true for one character or set of characters will be found 
to apply in a general way to the whole organism. 

In order that there may be no misunderstanding as to the kind 
of variates we are dealing with, it seems advisable to present in 
abbreviated form the results of a study of the morphology of the 
integument and of the variability of its elements as exhibited by 
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a large sample of the species. Without this data one would 
scarcely be in a position to appreciate the degree of resemblance 
or difference that exist among the foetuses of the different sets. 

Owing to the existence of an extensive curio industry, making 
a specialty of baskets shaped from the shells of armadillos, there 
has been afforded an exceptional opportunity for gathering a large 
mass of data on the variability of the species. By availing our- 
selves of the large stocks of basket-shells in the hands of various 
dealers we have been able to examine 1768 individuals for scute 
and band ‘abnormalities’ and to count the scutes in the banded 
region of over 500 shells, including those of all males and females 
sent to us alive. 


MORPHOLOGY OF THE INTEGUMENT 


The integument is one of the most characteristic features of 
the anatomy of the armadillo. For the most part it consists of 
a series of bony plates which are arranged so closely together as 
to form an almost continuous armor, especially on the dorsal and 
lateral parts of the body. When attacked the animal is able to 
retract itself well within this shell-like structure, much after the 
manner of a turtle, and although the belly and legs do not possess 
an armor, in the strict sense of the word, yet even here the skin 
is studded with horny scutes and the feet are armed with powerful 
claws. Altogether the integument of the armadillo forms a 
protective structure of high efficiency in an otherwise defenseless 
animal. 

In our species, Tatu novemcinctum, five of the so-called armor 
shields described for armadillos are present. These are the ce- 
phalic, covering the front of the head; the scapular, overlying the 
shoulders; the thoraco-lumbar or banded region (sometimes called 
the movable zones), consisting of nine bands or incomplete rings; 
the pelvic, covering the hips; and finally the caudal shield, which 
consists of a series of rings surrounding the tail (fig. 17). 

The elements composing the armor exhibit in each of the shields 
a somewhat different and more or less characteristic arrangement; 
but since in this paper we are concerned with the study of varia- 
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tion and heredity in but one of these shields, it is not necessary 
to enter upon a description of the elements of the others, except 
in so far as such an account would be of help in understanding 
the character of the elements in the particular region in question. 

The nine bands are united to one another by strips of flexible 
skin which permit considerable motion in this part of the armor. 
The first band is attached in a similar manner to the scapular 
shield, while the integument joining the ninth band to the pelvic 
shield may be present only toward the ends of the band, in which 
case the middle of the band is firmly united to the shield. The 
soft parts of the body lying directly beneath the strips of flexible 
skin are not exposed, because of the fact that the bands overlap 
one another for a distance equal to about one-third their width, 
that is, the posterior margin of any band overlaps the anterior 
third of the succeeding band. On account of this overlapping 
the banded region as a whole presents a distinctly testudinate 
appearance. ; 

Each band is composed of a number of elements, of which there 
are three kinds: (1) the thick, bony, dermal plates covering the 
under surface of the band and constituting its main body; (2) the 
thin, horny, epidermal scutes which cover the posterior exposed 
part of the band; and (3) the associated hair group. 

Each bony plate is oblong in outline, with its long axis consti- 
tuting the width of the band, and in the adult animal has an 
average width and length of 6 mm. and 30 mm., respectively. 
As we shall see later, the number of these plates varies in differ- 
ent bands as does also the number for the same band in different 
individuals, but in round numbers there are on the average about 
62 plates to the band. 

The epidermal scutes, unlike the underlying bony plates, are 
of two types, which we may call primary and secondary. The 
first of these is represented by a wedge-shaped area having a 
slightly convex upper surface, and with its base forming a part 
of the posterior margin of the band (fig. 20). The base of each 
scute has two notches which are situated so as to divide the margin 
into three areas of about equal width. In reality the notches are 
but the mouths of hair pits located in the underlying bony plate 
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and from which fine hairs extend. The plate also has two other 
marginal hair pits containing hairs, one situated well toward 
each corner of the base; but these emerge from beneath the scute, 
and consequently the margin of the latter shows no corresponding 
emargination, as in the case of the more centrally located pits. 

The secondary scutes are also more or less wedge-shaped, but, 
unlike the primary ones, have their bases directed toward the 
anterior margin of the band (fig. 20). In brief, their bases form 
the anterior limit of the exposed part of the band. The apex of 
the wedge is blunt and forms a small part of the posterior margin 
of the band. Through the median axis of the scute a faint groove 
extends from the middle of its base to a point near the apex. 
Upon the removal of the scute it is found that the groove is due to 
the depression of the suture between the two adjacent bony 
plates, directly above which the scute is situated. The secondary 
scutes are clearly composite structures; that is, they have been 
formed during the process of their evolution by the union of 
some three or four elemental units of regions such as are seen in 
the scapular and pelvic shields, which exhibit conditions more 
primitive than that of the bands. 

In addition to the four hair-pits already alluded to, several 
others belonging to the associated hair group appear on the upper 
surface of the plate. The most prominent of these is a row of 
six or seven extending along each side of the primary scute mark- 
ing. These pits possess very fine hairs which often extend above 
the surface of the band, especially in young animals. There are 
also faint indications of other hair-pits, both on the convex area 
of the plate as well as on its anterior unexposed third, but it 
is entirely beyond the scope of this paper to enter into a detailed 
description of them. It is sufficient here merely to note that each 
plate corresponds to a rather distinct hair area of other mammals, 
and consequently has a definite number of hairs included within 
its limits. ; 

It will be evident from the foregoing account that for each 
primary scute there is a corresponding plate in which is imbedded 
a definite group of hairs. A count of the primary scutes will 
therefore also give a count of the plates and of the hair groups. 
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This whole complex will be, for purposes of brevity, designated 
the ‘scute,’ because the scute is the index of all of the elements 
entering into the complex. 

It has been suggested above that the bands have evolved from 
a more primitive condition of the integument—one in which the 
bony elements were not necessarily arranged into definite rows. 
This becomes obvious when one studies such adjacent parts as 
the scapular and pelvic shields. In each of these regions the 
general arrangement is much the same, but the transitional con- 
dition is more clearly brought out in the pelvic shield, and we shall 
therefore confine our account to this part. 

In the central part of the pelvic shield the bony plates are hex- 
agonal in outline, and are so closely crowded together thata 
solid bony structure is formed (fig. 16). At best the plates can 
only be said to be imperfectly arranged into rows. Toward the 
anterior margin of the shield, however, the serial arrangement into 
rows becomes more evident, and all of the plates show a distinct 
tendency to elongate in the antero-posterior direction. In the 
extreme anterior margin of the shield, or the part corresponding 
to a tenth band, they become distinctly oblong and greatly 
resemble those of the true bands. In many of them, however, 
one can still detect their hexagonal shape, although the anterior 
and posterior ends show but faint indications of their double- 
sided nature. Even in the last of the true bands, the ninth, the 
yosterior end of many of the plates is still in the form of an obtuse 
angle. 

On the upper surface of this same region of the armor the 
scutes show corresponding transitional conditions. The primary 
scutes are here slightly elevated above the more numerous second- 
aries and have their posterior ends capped with small white or 
unpigmented areas, giving to the entire pelvic shield a distinctly 
pebbled effect (fig. 21). As one passes forward on the shield 
there is noted a gradual change in the primaries from small poly- 
gonal areas to those with characteristic wedge-shaped outlines. 
This is particularly noticeable on the lateral aspects of the shield. 

In the typical regions of the pelvic shield the secondary scutes 
are more numerous than in the bands. In place of the single 
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secondary we have here some four or five elemental units. In the 
neighborhood of the bands these gradually fuse together, and in 
the region immediately adjacent to the ninth band are usually 
typified by two pieces, one, a regular trapezoid in shape, forming 
the anterior part, and the other, triangular in outline, abutting 
against this posteriorly. In the true bands these two pieces 
fuse to form the characteristic secondary scute. 

A great deal of interesting data might be given concerning the 
much more primitive condition of the integumentary elements 
as seen on the ventral side of the animal, but it must be sufficient 
merely to suggest one or two of their more salient features. On 
the belly the horny structures only are present, and these are 
associated with a group of five or six hairs, oreven more. On the 
legs some few of the larger horny elements, especially those which 
have a tendency to be arranged into definite rows, are underlaid 
with true bony plates. Evidently the hair group is the most 
primitive element of the complex, and in connection with these 
elements have grown up the scutes and plates. 


MERISTIC VARIATION OF THE ELEMENTS OF THE NINE BANDS OF 
ARMOR 


A. Variation in the banded region as a whole 


It is our purpose to present in this section only so much of the 
results of our studies of the variability of the species as appears 
to be prerequisite for an understanding of the phenomenon of 
fraternal correlation. A concise tabulation of the distribution of 
the variates and a determination of the principal variation con- 
stants should serve the purpose in view as well as would a more 
detailed account. 

That the characters dealt with show a high degree of variability 
is obvious if one examine the array exhibited in table 2. The 
number of scutes in the banded region vary all the way from 517 
to 625, a range of nearly 20 per cent. In connection with our 
studies on fraternal correlation it will be of value to bear in mind 
this high species range of variability. In table 2 is presented the 
array of individuals investigated, comprising 508 adults and shells, 
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TABLE 2 


Showing distribution of frequency of scutes in the banded region of 508 adults 


| | 
NUwens =| “FREQUENCY || NUSTOE OF | wrequency | “°MtEE,”” | FREQUENCY 

BL if 554 8 591 1 
518 0 555 9 592 0 
519 1 556 11 593 1 
= | 1 557 10 594. 0 
521 2 558 Pal 595 0 
522 | 1 559 13 596 1 
523 il 560 10 597 0 
524 | 0 561 18 598 0 
525 | 1 562 15 599 0 
526 0 563 19 600 0 
527 2 564 6 601 0 
528 5 565 15 602 0 
529 0 566 12 603 2 
530 0 567 10 604 0 
531 1 568 inl 605 0 
532 3 569 8 | 606 0 
533 3 570 12 any } 
534 7 571 120 | ~~ «808 . 
535 2 | 572 8 | 609 0 
536 2 | 573 7 610 0 
537 3 574 8 611 0 
538 7 575 4 612 0 
539 6 576 8 | 613 0 
540 5 577 7 =) gp T6ie 0 
542 5 579 7 616 0 
BASH os | F 580 5 617 o 
544 | 16 581 3 618 0 
BAS 5 582 2 619 0 
546 7 583 3 620 0 
BAT | 18 584. 3 621 0 
548 | 14 585 3 622 0 
549 | 17 586 0 623 0 
550 hia 587 4 624 0 
551 | 7 588 0 625 I 
552 | 12 | 589 3 

553 | 15 | 590 2 
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‘In grouping the variates shown in the table for purposes of seria- 
tion we have decided to fix the group size on as logical a basis as 
possible. The average range of variability of the sets of quad- 
ruplets is eight scutes. We shall therefore seriate the array in 
groups of eight for reasons which will become clear later. The 
polygon of variation obtained by this grouping represents a close 
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Fig. 1 Polygon of variation for the total number of scutes in the nine bands, 
as determined from a seriation of 508 individuals. Class range = 8 scutes. The 
solid line represents the observational and the broken line the theoretical normal 
curve. In this and the succeeding figure the abscissae refer to number of scutes 
and the ordinates to the number of individuals. 


approximation to a normal array as may be seen from a compar- 
ison of the observed and the calculated curve (fig. 1). 

The three important constants of the frequency polygon prac- 
tically coincide; the median being 558; the mean, 558.2; and the 
mode, calculated from these two constants, 557.6. On the ex- 
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treme right of the polygon will be noted several extreme variates, ~ 
so far separated from the others as to be examples of discontinuous 
variation. The rejection of these extreme variates would render 
the three constants, mean, modeand median, practically identical, 
but it would seem inadvisable to take any liberties with the data. 
Rather we would prefer to accept a close approximation to the 
normal curve of frequency as an indication that we are dealing 
with a case of chance variation, little if at all disturbed by com- 
plicating factors. 

From the above array have been calculated the standard devia- 
tion, 14.89+0.31 scutes; and the coefficient of vanes 2.685 
+ ().32 per cent. 

In addition to these facts we are also led by analogy to infer that 
we have in the scutes of the nine bands of armor a variant which 
is inherited in the blended fashion. This inference is borne out 
by the evidence derived from an examination of the mothers 
of the various sets of quadruplets (table 6). Of the fathers we 
unfortunately know nothing. 


B. Comparative variability of males and females 


While the main mass of our statistical data came from an exam- 
ination of baskets made from the dried and shaped shells, a con- 
siderable number of individuals were identified as to sex. The 
arrays dealt with in this section consist of the scute counts of 
animals shipped to us alive, and of the advanced foetuses in our 
collection. The larger number of females is explained by the 
fact that our first interest was centered on the facts of develop- 
ment and hence we ordered only pregnant females. The number 
of individuals is, however, sufficiently large to furnish a basis 
of comparison between the sexes. Table 3 indicates the frequency 
distribution of the variates of the two sexes. It will be seen at a 
glance that the array of males here presented is decidedly more 
variable than that of the females. Part of the disparity may be 
due to the occurrence of one set of foetuses, all of which have a 
scute count of over 600; but even if we arbitrarily exclude this 
aberrant set we do not materially reduce the variability of the 
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male array The mean of the female array will be seen closely 
to approximate that of the whole collection, while that of the 
males is several scutes higher. It is our impression that a larger 
collection of males would place the mean at about 559 or 560, 
which would indicate a slightly higher center of frequency for 
males than for females. Although the mode of the two sexes 


TABLE 3 


Showing distribution of frequency of scutes in the banded region of 146 females 
and 81 males 


FrMa.es (146 LNDIVIDUALS) Mates (81 INDIVIDUALS) 
Re ecorEs. FREQUENCY Read FREQUENCY | pleas ie eres | Se aneee Beane tee, 

cet =e s 3 
Bie sees 559 Bee le 520 1 567 1 
520 1 560 2 e527 1 568 3 
527 if 561 Gi) ess) 2: P5569 2 
528 2 562 2 | 585 rl SO 3 
532 1 563m |) 3) 540 1 (Ayana 3 
534 2 564 | «4 541 1 572 3 
539 2 565 5 542 1. ah oer! 1 
540 1 566 4 544 Tee Sry 2 
541 1 567 2 547 3 sj) 57g eee ee 
542 1 568 1 548 4. 4) 9 2580) 1 
543 3 569 2 550 2 587 1 
544 2 571 Bey |) 55 2 50 Pieued 
545 4 572 3 li 552 ee Wh 0K 3 
546 5 573 Ae 558 5 | 607 1 
FAR 1G) 574 3 554 1 621 1 
BAS) Ul cee 575 1 555, Ui) g ae | 
B50: sie oo 4 577 1 558), Via | 
551 4 578 3 J, 550s gy saat | 
552 4 581 2 | 560 1 
553 9 582 1 bi 561 ae | 
554 3 583 1) 0p ABG20) eVemie2 | 
555 6 585 1 56S) i Gale 
556 5 589 1 564 1 
557 5 590 1a aos 2 
558 6 596 ae sale 1 

| | 
Mean = 557.2 | Mean = 561.3 scutes 
Standard deviation=13.35 scutes Standard deviation = 17.71 scutes 
Coefficient of variation=2.39 per| Coefficient of variation = 3.15 per 
cent cent 
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probably differs only to a slight extent, yet the standard deviation 
and coefficient of variation of the males are decidedly higher 
than those of the females, a condition that accords with our pre- 
vious knowledge of the comparative variability of the sexes. The 
possible significance of this variational dimorphism will receive 
attention in the discussion of the hereditary control of sex. 


C. Variation in the individual bands 


In view of our studies of fraternal correlation among the foe- 
tuses it appears to be necessary to determine the scute variability, 
not only of the banded region, but also that of each of the indi-_ 
vidual bands. We will thus be able to determine whether there 
is a greater or less variability in individual bands than in the whole 
region under investigation; and in addition we can compare the 
variability of any one band with that of another. In table 4 is 


TABLE 4 


Showing distribution of frequency of scutes in the individual bands of 508 
individuals 


FREQUENCIES PER BAND 


NUMBER OF SCUTES 


1 | 2 3 4 5 6 7 8 9 
5 Meee en Pe OO) t |o a | 0) SOc ago aor oe 
HBr cee SU ee ee. (ae aes 5 1 4 2 0 0} 0 
56s Ca ener ae le ISe Oey | Mea al eas 3 ea 
Ly Reem NL Ns Tce he OF 4 267) a6y |) 20 ip 27 5 34) OA hae 
Cpe a ee a) 19 | 83-88 | 929) 58-41 a ie 
59 36° | 65. | 7d] 60" P70" aa 55 6 |aue 
60 Soe, Wane ee 7) 3) 102 |2f09) | 88" "116. |) 79 4) S40) 1G eS 
eee ey ae 7% || 86 [M04 |) 972, 80} GO, 1.49 mle TSP eet 
62ers. een ne Oi 12-88 - Ge i eo 96 | 85 | 53 | 63 
63.2 ans eee eee } $3: | 440 )040° | 61 |) 47°] «85 1025) 196" as 
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given in convenient form the data, band for band. The arrays 
for the individual bands are considerably more satisfactory for 
purposes of seriation than that for the banded region as a whole; 
for the number of classes is comparatively small and consequently 
the number of counts sufficient to give a smooth curve without 
any grouping of variates. As a sample of the type of curve 
derived from a seriation of the variates of the individual bands 
let us take that of band 1 (fig. 2). 


100 


Sy) 55) 57 58 59 60 61 62 63 64 65 66 67 68 69 70 7h: 


Fig. 2 Polygon of variation for the total number of scutes in the first band, 
as determined from a seriation of 508 individuals. Class range = 8 scutes. The 
solid line represents the observational and the broken line the theoretical normal 
curve. 


It will be noted that the mean, mode and median coincide and 
that the observed and the calculated curve are almost identical. 
The curves for the other bands are of the same type as that shown 
for band 1. These observations would seem to indicate clearly 
enough that in the distribution of the elements of the integument 
into bands we have a pure chance process controlled by fairly 
simple mechanical laws. 
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In order that it may be clear that the sample of the species 
presented by the sets of foetuses studied is fairly representative, 
it would be well to compare the variation constants of the foetuses 
with those of the large sample of the species here dealt with. 
Table 5 furnishes the means of comparison. This table reveals 
to the student of biometry a number of interesting conditions not 
strictly pertinent to the present inquiry, but doubtless worth 
noting briefly : 

1. With a few minor exceptions, all of which fall within the 
limits of probable error, there is a gradual decrease of the mean, 
mode and median from the first to the fourth band and then a - 
gradual increase in these constants from the fifth to the ninth 
band. 

2. The absolute variability, as indicated by the coefficient of 
variation is greater in each of the bands than in whole banded 
region. 

3. The proportional range of variability is likewise greater for 
the individual bands than for the banded region as a whole. 

4. The standard deviation may be considered for convenience 
to amount to two scutes. This will be worth remembering when 
we come to study the band correlation among the foetuses of 
the various sets. 

For the convenience of the reader it seems well to consider the 
subject of hereditary control, as it is exhibited in connection with 


TABLE 5 


Showing the variation constants of the individual bands of 508 adults 


| ] . 
| | RANGE IN 


BANDS | MEAN fees MODE | aslo ba parce ea | press 
dl. eee | 62 +0.066 |. 62 62.0 2.223+0.047 | 3.59+0.0388 | 24.19 
Di nceee | 60.55+0.065 61 61.9 2.217+0.046 | 3.66+0.038 | 23.3 
Oekacees | 60.44+0.063 60 61.76 2.12+0.045 3.51+0.037 | 26.46 
7 ae 60.23+0.062 60 60.92 2.08+0.044 3.45+0.035 24.9 
Die aw 61.16+=0.063 61 61.64 2.11+0.045 3.46+0.085 | 24.54 
Goaeeee 61.85+0.066 | 62 62.3 2.23+0.047 | 3.61+0.039 | 29.1 
Aveo oats 8 | 63.09+0.066 63 62.82 2.22+0.047 | 3.52+0.037 | 20.6 
cia eae | 64.43+0.068 | 64 63.14 2.24+0.048 3.49+0.036 26.39 
9.......| 64.44+0.068 | 64 63.12 2.2 +0.046 | 3.57+0.038 | 23.27 
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the normal variability of the scutes in the banded region and in 
the individual bands, immediately following the variation data 
for the species, although it might appear to be more logical to 
complete the account of the conditions in the species before attack- 
ing that in the foetus sets. 


D. Fraternal correlation in the banded region as a whole; an 
index of the limits of hereditary control 


Having presented the facts of variation for the species, we are 
now in a position to investigate the conditions exhibited by the 
various ‘fraternities,’ which consist normally of ‘identical quad- 
ruplets,’ 2.e., of four individuals of the same sex enclosed in a com- 
mon chorionic vesicle. We have in our possession at the present 
time about thirty sets of foetuses in a stage of development suf- 
ficiently advanced to permit of the determination of sex and of the 
accurate enumeration of scutes. Of these some few are of especial 
value on account of their more or less atypical conditions; a few 
others are characterized by an atypical number of foetuses. 
There are, however, ten sets of each sex in which the number 
of foetuses, the arrangement of bands, etc., is sufficiently normal 
to permit of statistical treatment. These twenty sets furnish 
the material for the present study of correlation and the limits 
of hereditary control. The enumeration of scutes may be relied 
upon to be accurate, since they were all counted independently 
by both of the writers and all points of discrepancy carefully 
examined and settled according to mutual judgment. A full 
tabulation of the scute counts of the twenty fraternities is pre- 
sented in table 6. 

As in our previous papers the four foetuses are numbered as 
follows: 

Pair A { I. The lower individual of the right hand pair 
II. The upper individual of the right hand pair 


PairB  {III. The upper individual of the left hand pair 
\ IV. The lower individual of the left hand pair 


Since each of these sets of foetuses is derived from a single 
fertilized egg it should be possible to determine exactly to what 
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TABLE 6 
A—Female sets 
. | | BANDS mn 
=eReee FOETUS AND 2 
| MOTHE R* | 5 
| by i) A Be N64, 278) ees 
| | as 
EE: ui Sassthnckesonieis emis ie eters 60 62 60 60 60 63 63 66 63 | 557 
anintee tk Viel iota Soe a heictera eitopeeaeree 61 61 62 | 59 | 57 63 64 65 64 556 
au Sethe span Seen | 60 60.) 5994) 5901 62 64s «63 63 64 553 
ILIV). Casehioye ht Rios srarbuslteo the 60) | 59") 461 60) 63 62 60 64 62 | 561 
Sethu Aen eABO le By) 3681 se 160%, (80%) 604 6 | 6h) cer enmneE 
Seok: wee EL stot orcarcic s vinihae Bettas 63 | 60 59 | 60 61 60 61 61 63 548 
TET = «ci sevatasote avers tenee ee es | 64 61 58 60 61 | 61 61 65 63 554 
1 RR Oca ec rian 61 62 59 | 61 | 60 63 64 66 62 | 558 
Mts SORES Seether Ok 59 57 58 | 63 62 63 63 67 61 | 553 
ha hee Pee UD wcasayehs e/a ace etsyopetete > Wea 61 59 59 60 60 61 65 63 ay |) GER 
PLT cet, cca ater eters 62 58 60 60 61 62 64 67 64 558 
DSU. cepaiay eras eo eraih ave rare ty et 62 | 60 59 | 60 63 62 63 64 65 | 558 
TE EAMES Sete TNE chee 63 61 63 60 61 63 | 63 65 67 566 
98 1 aa Per ata abn catattan 61 63 62 63 63 61 62 65 65 | 5657 
i on his MID Kose cee he wets) OL 62 61 61 61 61 65 64 66 562 
WBE P Sie carota atateierazee ciceeacie 63 60 62 61 62 61 63 65 68 565 
Mother: ss. .seer iene 62 62 59 61 62 60 64 63 64 557 
To er ene eee) 63 62 61 59 63 61 62 66 64 561 
99 Wise sconces Hdecs cows 63 61 63 61 61 62 64 64 65 564 
Be: FREY Bay lt ELUTE Petco: Ste Pe ORR RES 63 62 62 62 62 61 64 66 65 567 
TV sas, she ay ee ctaueervovenes 63 63 60 61 63 62 63 67 63 565 
Mothers jae. crctie saynists 65 64 60 62 65 62 64 66 66 574 
rere ies eh ee ead hae 60 62 61 61 60 64 62 62) | 554 
119 AT Gil bis ssh dock 1s Nh wtacs aeere 63 60 59 60 60 60.5 64 66 62 554.5 
a wr cas TS ea rote, shtee ara ste ieee OL 60 58 60 60 61 62 63 65 | 550 
Ula sce hes oem 63| 59'| 60 | 59 | 61 | 60 | 61 |> 48) G20) ads 
Mother: ek ieee 62 58 60 61 59 61 62 63 62 | 548 
ee NE ete Sen 62 | 62 | 64 | 61 | 60 | 62 | 64 | G& | (62> \i5er 
121 TiS aS Node i otecerctins fe) aoceeete 61 62 59 62 63 62 63 67 66 565 
Vaehaeeha ey: ELLY «pace ye velorabe.t en OL 62 61 60 61 64 65 67 63 564 
WUE Sacrteaccene aera Maen 64 61 63 62 62 61 63 65 68 569 
IMO GHEr*S rae dak 60 59 61 61 63 64 65 67 65 565 
Arg oA ee ae ae 4 62 60 61 60 60 60 59 61 61 544 
122 EE ea tctatatovoradee cera soneee ele 61 60 59 60 62 60 61 63 63 549 
<1 Fence Eidos tere terc rotons sae AOL 61 61 59 59 59 61 62 63 546 
L I Waa See Sie ae 62 62 60 61 60 58 59 64 62 548 
Mother: 404.4..0snee ee 59 58 59 57 55 55 57 59 8) (rol 
"(Wesshcueselceds-neeec| GL or | easy Met | 88 |) Yeo!) 850) 1 ae eee 
123 TT ort a oeete Pores arctan eerie 63 62 61 57 58 61.5 58 63 61 544.5 
> ae il MTD ao heen trie, COL 60 61 60 61 61 | 59 62 60 545 
{thie ces eee eee: 59 62 61 59 60 62 60 62 63-548 
IMOthEnete ten ee 58 61 59 63 61 60 63 65 63 | 553 
(iets ee ee oe eee AGONY SS ade Ste Gay.) Our] Glia le G2 ema Lunes Oa mmlmerse 
EDA es eteait Gottere octets anes 60 60 61 62 63 60 60 63 [pie | 
TLDs Re ep scee eto ee teen 61 59 60 60 59 61 61 65 62 | 548 
IPA eramac dsc , A rudimentary em- 
bryo lies between m1 
and Iv 
l Wane cere ctaceirtete seks 61 60 62 61 60 63 64 63 63 557 
Mother sarees 58 60 60 61 61 62 64 65 64 555 


*In some of our first collections the mothers were not kept, and hence the seute counts on these 
eannot be given. 


SERIES 
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TABLE 6 
B—Male sets 
BANDS n 
FOETUS AND < = = B| 
MOTHER = 
1 2 3 4 5b 6 7 8 9 & 
i | i} 
ase cR erates eee 62 | 62 | 61 | 64 | 61 | 63 |. 65 | 66 | 67 | 571 
|: eR ELD os , 62 | 62 | 63 | G4 | 64 | 62 | 65 | 65 | 67 | 574 
Hide. SM ae ay | 62 | 61 | 61 | 64 | 62 | 63 | 64 | 65 | 66 | 568 
Lae oe ne Re 63 | 61 | 60 | 61 | 63 | 62 | 65 | 67 | 66 | 568 
| 
HRae A cient oe say | 68 | 62 | 60 | 61 | 63 | 65 | 65 | 67 | 685 | 571 
TE ee Peete 64 | 64 | 63 | 60 | ai Gam iek | 67 | 66°! 574 
TERE otra eee erase 63 | 60 | 62 | 61 | 63 | 65 | 65 | 66 | 65 | 570 
trypan tts onal oie cet | 64 | 60 | 61 | 61 | 64 | 64 | 65 | 66. | 65 | 570 
ihr Ber ae? at oie | 68 | 58 | 58 | 50 | 59 | 59 | 60 | 57 | 60 |.533 
1F Ris AAR ee Teer | 6 | 59 | 56 )~56 | 59 | 58 57 | go | 61 | 527 
{ke sepgobceee nonishe Sees } 60) 59) | 58) 61 |) 58) AS GOR hy ed =o: | 535 
hee icin ane 59 | 58 | 57 | 57 | 56 | 56 | 59 | 58 | 60 | 520 
(Mothers) in sis) | 58 | 56 / 60 | 56) 57 | Gt | 60 | 60 | 59 | 527 
Ree See ese ea | 62 | 64 | 61 | 60 |-62 | 60 | 6o | 63 | 63 | 555 
TE Shen EEE cs: 63 | 59 | 58 | 58 | Gi | 62 | 62 | 65 | 67 | 555 
[ae Cree Ehe a aren | 60 | 59 | 58 | 58 | 60 | 61 | 60 | 65 | 67 | 548 
Tg ere ete Be | 61 | 60 | 62 | 60 | 59 | 60° | 60 | 63 | 63 |.548 
Mo tern aed ees 64 | 62 | 62 | 60 | 61 | 62 | 63 | 67 |. 65 | 568 
| | 
ase ee ek ae Pe eB | etl, 4 62 | 61 | 62 | 63 | 61 | 65 | 66 | 565 
Fi ae a eee a | 63 | 61 | 62 | 61 | 62 | 64 | 63-| 68 | 68 | 565 
iTS ae een ee ied | et | 62 | 61_| 62 | 62 | 62 | 6s | os |. 65 | 565 
be gear reve eee Gh) 6H, |) GO") 63+, 161 | 76263, Gaonhmenee abi 
ied Mest tow ceeaet SOF oe Ov) |) 6057 062i kodaman Osman Goma 
i ORO ahaa Ma, 60 |-62 | 61 | 56 | 57 | 57 | 62.| 64 | 68 | 542 
Faia es nied aie. 63) | 58°} 60 | -56 | 59. 7) <60) emerges) oa 157 
IVR renee tert oa. 62 | 57 | 58 | 58 | 58 | 62 | 61 | 66 | 66 | 548 
PE Saree aah ed 64 | 62 | 63 | 62 | 59 | 62 | 65 | 68 | 67 | 572 
Fa ea ine ee ie Sel 66 | 62 | 64°| 63 | 63 | 68 | 65 | 67 | 66 | 579 
[DUR ee eters Se ees 64 | Gl | GL | 58%) 1627 1963) 6s 0/65 a 66) | 563 
Te EE REARS Ke Aten tore 61 |, 64 | 61 | 62 | 62 | 62 | 65°) 68 | 65 | 570 
IMopherss 95. asa 63 | 60 | 59 | 60 | 60 | 59 | 68 | 65 | 66 | 555 
| 
fa Shale te ee tan ek sabe 64 | 62 | 60 | 59 | 59 | 60 | 62 | 63 | 62 | 551 
lf Sec rate Me las | 62 | 62 | 59 | 50 | 50 | 62 | 62 | 64 | 63 | 552 
Winnie etre eee 64 | 64 | 60 | 60 | 61 | 60 | 63 | 65-| 63 | 560 
Use cee oe Ate ake tear ee 64 | 60 | 60 | 62) | 60 |) 62 |) 62) | 164 | 65, 559 
(Mothers tracts )s.. | 63 | 59 | 60 | 60 | 59 | 60 | 60 | 63 | 66 | 550 
He caasacon Aaa SAe eee 69.) 68) GGL 65. Wah | 67 Weer| 68.\| 4606 
"Tingste ae 68 | 64 | 66 | 63 | 68 | 69 | 67 | 71 4 70 | 606 
| isc a ee eee 70 | 69 | 68 | 66 | 67 | 67 | 72 | 71 | Z | 621 
te iin eee 66 | 67 | 68 | 65.5 65-| 70-| 68 | 68 | 70 | 607.5 
(Mother s.os20-.<.000 08 63 | 60 | 63 | 62 | 63 | 65 | 64 | 66 | 67 | 573 
NUR ete nas cit 62 | 61 | 59 | 60 | 61 | 60 | 64 | 63 | 63_| 553 
ERP ate od) we sas ae 62-| 62 | 58 | 58 | 61 | 62 | 61 | 63 | 63 | 550 
Nas ae Aten ee aa | 61 | 62 ) 60 |~59 | 61. | 62.| 63 | 62 | 64 | 554 
Uv TEE oe eon ee we 61 | 58 | 60 | 61 | 59 | 61 | 63 | 64 | 64 | 551 
IMiGbher. ¢a2ce eco e. 63 | 62 | 61 | 59 | 62 | 62 | 64 | 63 | 66 | 562 


876 H. H. NEWMAN AND J. THOMAS PATTERSON 


extent the definitive number of scutes is determined at the time 
of fertilization; for presumably, in so far as the four individuals 
of a set are alike, this similarity was determined before they 
became separate individuals, and, in so far as they differ, their 
differences are due to epigenetic factors operating after the sepa- 
ration. Should they prove to be exactly alike in the number and 
arrangement of scutes we would be warranted in claiming that 
hereditary control was absolute; if we do not find them exactly 
alike we may claim that hereditary control is not absolute but only 
partial. As an index of the strength of hereditary control we 
have decided to employ Galton’s coefficient of correlation, a con- 
stant indicating exactly what per cent of complete correlation 
or of absolute hereditary control exists. 

A short method for determining the coefficient of correlation, 
and one which seems especially devised for cases like the one in 
hand, was described by Harris (’09). This method appears to 
have been elaborated by Professor Pearson for use in cases of 
symmetrical correlation tables in which both variates have the 
same mean and standard deviation. The correlation table is 
made symmetrical by using each individual of each set first as 
a ‘subject’ and then as a ‘relative.’ In the case of our twenty 
sets of foetuses such a table requires over one hundred vertical and 
horizontal columns and would not be suitable for reproduction 
here. As a matter of fact it is scarcely necessary to make a cor- 
relation table in order to derive the desired constant. One need 
only determine the positive differences between the subject and 
relative classes and their frequency. In the present case we find 
the positive differences and arrange them as follows: 


Difkerencess. 0) “ly 2 3 45— 5O G6) i 8) 0) 10) a Aa ao 
Frequency 226 39° 10 16-13. 10° 9: 40. 7 34° A ad (OL a Sie 


Multiplying the square of each difference by its frequency and 
adding the products, we obtain the sum of the squares of the 
differences [Sv?]. Now since the negative differences are the 
same as the positive we may-double the above sum and divide 
by the number of cases, 240, and thus obtain the standard devia- 
tion of the difference squared (cv?), which is the only constant 
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not already determined that is needed for our calculation. The 
formula used is as follows: 


2 ox? 
1 - 33.5 


Substituting we get: r = (1 — 5 Te = 0.9348. 


We can use this coefficient of correlation as an index of the 
strength of hereditary control and can say concretely that, so 
far as the total number of scutes in the banded region is concerned, 
the individual is predetermined within certain narrow limits, 
or up to 93.48 per cent of complete determination. Beyond that 
point the variations in the number of scutes are due to differ- 
ences in epigenetic factors, whose nature we do not pretend to 
understand. 

No such close correlation as this has been determined for 
any of the ordinary blood relationships. The closest of all blood 
relationships, namely the fraternal, is represented by a correlation 
constant of only 0.4, a fact familiar to all who have read their 
Galton. Even homotypical parts of the same individual are cor- 
related only a little more closely than are brethren, a fact which 
leads Pearson to conclude that the fraternal relation is only a 
special case of homotyposis. In brief there appears to be no other 
inter-individualistic relationship so close as that which we have 
found to exist between the individuals of our sets of quadruplets. 
If we desire to find correlations comparable in closeness with that 
determined in our material, we must seek them among the closest 
of intra-individualistic relationships, such as that existing between 
the antimetrically paired organs of the same individual. As 
an example of such constants we may cite the correlation coeffi- 
cient between the right and the left sides of the carapace of Gel- 
asimus, which is 0.947, or that between the lengths of right and 
left meropodite of the first walking leg of the same species, which 
is 0.918. These constants are obviously of the same grade as 
that determined for the scutes of our quadruplets. From these 
facts we are doubtless justified in concluding that the four indi- 
viduals of each of our sets is morphologically the equivalent of a 
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single individual and that we are dealing mae a special case of 
intra-individual variation. 

Were the phenomenon of specific polyembryony in need of 
any further support, the discovery that the degree of correlation 
among the foetuses of a set is the equivalent of that found to exist 
between the right and left sides of the same individual, would 
in itself constitute a demonstration of its validity. 


TABLE 7 
Showing the variability of seven pairs of duplicate twins in terms of the coefficient of 
MENS INS eran 
{ 
DESIGNATION OF TWINS | COEFFICIENT OF VARIATION 

WGISTIT aI Secs ah Oe eee eae UR RE iy aR ara eet A eee ae | ike 
WEEMOM BTCA Pea ye eke tee dee ert en ae ne ene erento | 0.22 
MELMONSS (HID Hirk Lette heel bes Rrra ae eee es Cree | 0.34 
Wal ier Sa Ret ih taeda ci eons earn, es a Re ne 1.438 
Nall Ve Nes ech ie epee Rp Feet ems Mar vs eee Rm aA 1.65 
VSG OTS SHI Ties, c Meee ee cee se PPS cee oo ey, Nee irae, 
Wiltlenesriny ic bcc alt Ars cit oP eee, OF Cano) REED Soden Ls iley 

IAW ETT earn Mee Sea ce ees nn Mrs cube aes Ba ae ee cms ee | 1.06 


In order to be able to institute a comparison between the 
strengths of hereditary control exhibited by armadillo quadrup- 
lets and human duplicate twins it becomes necessary to employ 
some method which does, not involve the use of the coefficient 
of correlation, for the twin data is too scattering and diversified 
for our purposes. The usual method employed by the various 
writers for indicating the degree of resemblance between twins is 
that mentioned in the introduction, namely the per cent differ- 
ence method, but this can be used only in the comparison of pairs. 
A better method for our purposes involves the determination of 
the coefficient of variation for each pair or set and an averaging 
of these constants. Table 7 gives the data on the seven pairs of 
human identical twins referred to above. In table 8 are recorded 
the coefficients of variation determined for the twenty sets of 
foetuses. It will be noted that the degree of resemblance among 
the quadruplets is, on the average, nearly twice as close as that 
of thetwins. Thisis perhaps no more than we should expect, even 


Lay f 
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if we were certain of the origin of each pair of twins, for the twins 
have doubtless been much modified by post-natal environmental 
experience. 

Incidentally it may be noted that the male sets exhibit a much 
higher absolute variability than the females sets, a fact which 
will be brought into discussion in a subsequent connection. 

Perhaps a more equitable comparison between human twins 
and the armadillo sets would be instituted if we were to consider 
the quadruplet set as consisting of two pairs of twins. Accord- 
ing to this method of comparison the difference between the two 
species is greatly increased, for the average of the forty pairs of 
armadillos is only 0.27 per cent, while that of the seven pairs of 
human twins is 1.62 per cent. 

In concluding the present account of the strength of hereditary 
control as it appears to be exercised in the case of the total num- 
ber of scutes in the banded region, it should be mentioned that 
further investigations now in progress, dealing with other regions 
of the armor and with certain dimensional variates, indicate 


TABLE 8 


Showing the standard deviation of each of the sets of foetuses and indicating the 
comparative variability of male and female sets with respect to the total 
number of scutes in the nine bands. 


FEMALE SETS MALE SETS 

STANDARD COEFFICIENT - | STANDARD COEFFICIENT 

SET DEVIATION OF VARIATION SET DEVIATION | OF VARIATION 

(IN SCUTES) (IN PER CENT) (IN SCUTES) (IN PER CENT) 
DePee bm cere 2.38 0.438 La ee 2.48 0.48 
A Fa, See es 3.69 0.66 As a, oa a 0.5 0.08 
95 25 0.45 Peer SP ho le. 25386 1.10 
eee a came ard he 15 0.26 D2 arene ono 0.63 
OOM relat 72 2.16 0.38 LUGS eee 3.46 0.61 
UGE es ee. 2.59 0.46 A. sees een 2.38 0.43 
121 2.86 0.50 (20 Se eet 5.70 0.99 
122 1.92 0.35 1s 7: eye oe 3 Sea 4.02 0.72 
123 1.87 0.34 LBS ee the! 6.36 | 1.04 
pe ech, 2.85 1.06 TSS eaebys ate. 1.56 0:28 
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that the degree of correlation found to exist in the banded region © 
has its parallel in other regions; in fact some of the results already 
obtained seem to indicate the existence of higher degrees of cor- 
relation than any yet determined. 


E. Fraternal correlation in the ~ndividual bands 


In one of our previous papers (’10) we had occasion to refer 
to the subject of pairing in the following words: 

In this connection it should be mentioned that even where there is 
exact resemblance between the individuals of a pair in the total num- 
ber of scutes in the nine bands of armor, there is no perfect correspond- 
ence with respect to individual rows. The resemblance in total numbers 


of scutes is, however, a matter of more importance than the exact man- 
ner of their arrangement into rows, which is a secondary process. 


Further investigation has thrown light on this situation and 
we are now in a position to make a more satisfactory statement 
of the conditions referred to. By the application of statistical 
methods we have been able to compare the strength of hereditary 
control exercised over the total scute number and that over the 
arrangement of these scutes into bands. In order to do this it 
has been necessary to determine the correlation coefficient of 
each of the nine bands, using the same method which was applied 
to the whole banded region. The method pursued is illustrated 
in the case of band 1 (table 9). The same method of procedure 
was carried out for each of the nine bands and the data and results 
are seen in concise tabular form in table 10. 

Although the average coefficient of correlation for the individ- 
ual bands is high as compared with that found for any relation 
other than an intra-individualistic one, it is decidedly low as 
compared with that shown to exist in the case of the total number 
of scutes in the whole region. This would seem to indicate that 
there is here a much wider scope for the operation of epigenetic 
factors. Evidently the alignment of scutes to produce the bands 
is, to a large extent, a mechanical process, involving a certain 
amount of shifting due to pressure, etc. In the earliest stages of 
scute formation it is probable that the primordia of these elements 

are arranged somewhat after the fashion seen in the abdominal 


LIMITS 


TABLE 9 


OF HEREDITARY CONTROL 


881 


Correlation and difference tables for the 20 fraternities, for band 1 


Mean = 62.16 


Standard deviation = 2.009 scutes 
3.23 per cent 


Coefficient of variation 


| 

@IESSES: gis ack ceo 59 60 | 61 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | Total 
Deviation rel. | seas | 

eee a ele ie) ee 

Devia- | 

Classes aenoindan | | 

of s | mean | | 
BO ce: ) =3 16 2 4 Si -8 12 
60s eo aG. Leo 6 9 eal 4a 24 
Mie oe Ps le (i OF 22a ae ia | 5 1 69 
62 e. 216) 3 AE ee | SBE SMe 44 
cae 0.84] 3 4 | 14 7 |16| 5 49 
Caer 1.84 | i 5 4 | 5 | 10| 2 27 
Gna: 2.84 | | 0 
66. aks: 3.84. 1 2 1 te ee eae 
Cues 4.84 | 0 
(ee ioe 5.84 1 be eile assy 
G0 Ls 6.84 (ea 1| Miers 
ROmeeety WY aed | 1 iu 3 

Matal so )ee. i2 | 24 | 69 | 44 | 49\/ 27) 0| 6| 0| 3] 3] 3| 240 

v = positive differences of x and y 

Coat woe aan de Ie Meat G “7 tg. eGu.  ima en 

O: | Maen e 4 3 3 0 Ord 0 0 Ory AOE 

Selim nOiea cts ser oe 1 Di Oy] O00. \) OCR aa ae, 
22| 14 | 14 6 0 1 Oia Oni lye Cie ee |S(v)2 
Ieee, cle 0 0 0 0: jc Oule 400) nue 389 
16| 5 0 0 0 0 Ov tach ae pa 
10); 0 } 2 0 0 OF Oe PO | i% 

Od Oyu 6 0 0 0 On | 80 

Oni) 20. ee 1 Ie hie | | | 25 

Ol OO Ca s5..| | | | 373 
aaa |) a aris | eae 

Ol Lees : | | | 

0 | 39 | | | | | 

68 | 
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TABLE 10 


Showing coefficients of correlation and other constants in each of the nine bands of 
armor 


BAND MEAN ) ox? av anaes 
oN rE) ty IC ane Oe A ees 62.16 4.090 3.10 0.6201 
DR BOS Cm ater tr CA re eee 61.03 4.712 3.94 0.5820 
Shea Seu A Pee 60.05 5.887 3.80 0.6769 
Le Reged ree Ae sie eee scl See Shs ay Ae 60.45 3.972 3.93 0.5051 
Dee ALORS Mv te ee ee €0..97 4.828 3.41 0.6469 
Gis cote yen een es ae 61.73 4.970 2.52 0.7458 
hae pd dich ON Oak AAO RES 62.70 5.735 | 3.30 0.7123 
SS LG eg | MOE Be EE = WNP te eS ORD te 64.40 3) 1153) | 3.75 0.6363 
NRG AA Re Veg cy ts Ee ee ie 64 .22 5.875 3.66 0.6880 
IMME ait wy. Ve taney ects toe cee Pe bs Yate eee ae ee ae 0.6459 


region, where the rows are far from straight and where it is not 
always possible to assign scutes to their respective rows. At 
such a stage in the development of the banded region we may 
assume that the ultimate position of certain scutes is determined 
only in a general way, and whether or not they come to be aligned 
with one or the other of two adjacent bands is determined by fac- 
tors beyond the limits of hereditary control. Considering that 
the scutes are not only determined rather sharply for the whole 
region, but that, within this region, their primordia would also 
be regionally distributed under the influence of hereditary control, 
the coefficient of correlation is no larger than we should expect. 
But the correlation is so low as to preclude the possibility of any 
strong hereditary control being exercised over the assignment 
of scutes to particular bands. ‘This conclusion is in close harmony 
with that expressed by Wilder in connection with his studies of 
friction ridge patterns in human twins, and which is quoted in the 
introduction to the present paper. We might well ask with him: 
“Have we then arrived at the limit of hereditary control of the pre- 
determining mechanism beyond which mechanical laws are alone 
operative?’ Perhaps we are in a position to give with somewhat 
greater assurance than was Wilder, an affirmative answer to the 
question. 
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ATYPICAL VARIATION IN THE INDIVIDUAL ELEMENTS AND IN 
THE BANDS 


A. Scute ‘abnormalities’ in the species; their distribution and 
. frequency 


(1). Double scutes. In the individual scutes and in the bands 
certain so-called ‘abnormalities’ frequently occur, and while 
these may be but the expression of teratological phenomena, yet 
we believe that some of them at least are the result of more deeply 
seated factors and have a real phylogenetic significance, and con- 
sequently are worthy of consideration in a paper on variation and 
heredity. We shall speak of them as atypical variations. 

The atypical variation of the scutes is expressed in at least 
three different ways, one of the most frequent of which we shall 
designate as the ‘double scute.’ In this type two contiguous 
primary scutes are fused along their adjacent sides, and the double 
structure thus formed has five or six hairs at the free or posterior 
end (figs. 6a, 7a, 8a). Evidently there is a suppression of two 
or three hairs consequent upon this union. All stages of fusion 
have been observed in our material, and in the figures just 
referred to is seen a series of three, taken from one specimen 
showing different degrees of the process. The nature of the origin 
of these double scutes is made clear when the region affected is 
examined from the under side, where the double bony element 
is always clearly expressed (figs. 6b, 7b, 8b). Sometimes the 
bony elements are of equal size and occupy the full width of the 
band, but more frequently one of the plates is greatly reduced, 
as if there had been a tendency to crowd it out (fig. 8b). 

The double scutes occur in about ten per cent of the animals— 
or to be more exact, in a total of 516 individuals examined for this 
particular point 51 showed double scutes. Ordinarily there is 
but one of these to an animal, but four exceptions to this have 
been found, as follows: one with four double scutes, one with 
three, and two with two each. 

For the purpose of locating exactly the various scutes, we have 
chosen to begin their enumeration always on the left margin of 
the band. Thus scute ‘10’ of band 5 would be the tenth scute 
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counting from the left margin of this band. Since it is obvious 
that the double scute is the product of what was originally two 
distinct elements, it has been given the value of two inour collected 
data, though we designate it by the number corresponding to its 
first or left-hand element. This point can be made clear by a 
reference to the numbering in figs. 6 to 10. 

The double scutes are generally distributed over the bands as 
can be seen in table 11. There is, however, a tendency for them 


TABLE 11 


Showing distribution of ‘double scutes’ 


LATERAL DISTRIBUTION 
BANDS DISTRIBUTION IN BANDS j 
Left | Middle | Right 

RMR OS Steg: Mee hee ek. | 2.407 NAO 3: 24, 31149 4 | 3 1 
71 eee ae enter? | 10, 10, 14, 15, 27, 29, 57 4 2 1 
SW yer be. aes che a 12, 25, 27, 29, 41, 53, 57, 59 Cea Pe 4 
ee aa Ae erie | 3, 19, 19, 23, 54, 54, 55, 60 A gigs tad Mn 4 
Race MEE el oe | 2, 2, 2, 32, 44, 53, 57 Se aa 3 
Ginrel ee sck see. 2h. 16; 2h, 27. OBA SbanTa os ara 18S 3 
| (ea teen Pe rte 3, 12, 24, 50 2 ad) eee! 1 
Becatee ts We ee ec NOS 2, 15, 36 Pg ete et! 0 
ie a Pere he As 36, 65 Oy Neen 1 
Pobels. im. Ak i.cess | 56 cases | 22 | 16 18 


Nore, in the left-hand half of the table the numbers in the horizontal rows 
lying opposite the bands designate the first elements upon which the double 
scutes fall. Thus in the first band eight animals had these scutes, falling on ele- 
ments 2, 4, 7, etc., respectively. 


to be localized in the anterior two-thirds of the banded region, or 
in bands one to six. Perhaps of more importance is their lateral 
distribution, which can be shown by dividing each band into 
three equal parts—two of which represent the left and right thirds 
and one the middle third—and determining the number of double 
scutes falling within each of these general divisions. The data 
thus collected is shown in the right half of the table, from which 
it is clear that there is a tendency for these scutes to be localized 
toward the margins of the armor. They fall most frequently 
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on scute ‘2’ (six cases) on the left, and scute ‘57’ (four cases) 
on the right. However, it should be pointed out that there are 
but four cases of exact coincidence (one involving three specimens) 
by which we mean.double scutes falling at the same point in the 
same band in two or more individuals. 

(2). Incomplete scutes. The second type of atypical scute vari- 
ation is just the opposite to that of the preceding, in that it is prob- 
ably the product of a splitting of what was originally a single 
scute, and results in the formation of an incomplete element. 
This type appears so rarely that not very much importance can 
be attached toit. In the 516 specimens examined only three cases 
of incomplete scutes were found. These occur as follows: Speci- 
men one, a female, between scutes 52 and 54 of band 6 (the small 
plate is counted as a whole one); specimen two, a shell, between 
scutes 14 and 16 of band 8; specimen three, also a shell, between 
scutes 56 and 58 of band 5. The first and second of these are 
sketched in figs. 9 and 10, respectively. The most interesting 
point brought out is that in each case one of the scutes lying adja- 
cent to the incomplete one has but three hairs instead of the typi- 
cal four, while the small scute has in each case but a single hair 
associated with it. The presence of three hairs in an adjacent 
scute would not alone be cogent proof that the primordium of 
such a scute had split to give rise to the incomplete element, as 
will be evident when the next section of the paper is reached. 
However, all of the other relations in these specimens point toward 
a fission process. 

(3). Three-hair type of scute. The third type of atypical 
variation is perhaps the most fundamental of all, because it in- 
volves a distinct change in the morphological unit of the scute. 
In this type the bony plate underlying the scute has but three 
hairs at its posterior end instead of the customary four. It was 
first detected in a shell which had an unusually high number of 
scutes in the bands; in fact the one representing the most extreme 
case of high numbers that we have so far found. When the shell 
is first observed the attention is at once attracted by the narrow- 
ness of the scutes, and upon examining them the interesting fact 
is revealed that the majority show the three-hair type (fig. 22). 
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We have studied this shell in considerable detail and have 
compiled the data secured in table 12. Here it will be noted 
that 391 of the 625 scutes have but three hairs each, and further- 
more that there is a strong tendency for the 3’s to be distributed 
on the lateral parts of the shield. However, the most striking 
fact revealed in the table is indicated in the fourth column, where 
the total number of hairs for each band is given. Bands 2 and 8, 
which show the extremes in scute variation, have exactly the same 
number of hairs, while the two extremes in hair variation, bands 
7 and 9, are but six hairs apart in their totals. 


TABLE 12 


Shell 2, with 625 scutes showing distribution of 3-hair and 4-hair scutes 


DISTRIBUTION OF 3’5 AND 4’S IN BANDS | LATERAL DISTRIBUTION OF 3’ 


BANDS 


3-Hair Type | 4-Hair Type | Number of | ‘Left | Middle Right 
ee = —— | a 
| 
lense Ae ae 49 | 22 | 235 | 19 16 14 
Din aS Tee 34 | 33 | oA | la 12 8 
Sy ie 37 | 31 | 225 Pas 5 14 
A | 38 | 30 | ode) Ul Teac Bias 14 
aks 38 30 | DOA Wy 19's Volt ee 13 
Be 49 op Dare Tala Ooh Sail) grat 22 
7 SR u SU ion bd 41 27 Fe os 7 16 
Be ea 58 15 23 +08) JO1e Veet 21 
Dia tae a ral 47 7 Oe ee mate er eh: 16 
otal 20a. alee | 2109 | 176 77 


| 138 


The question naturally arises: Can the high number of scutes 
exhibited by this specimen be accounted for by the fact that so 
many of them are of the three-hair type? Undoubtedly it can, 
but the affirmative answer necessitates the assumption that the 
integumentary primordium out of which each band arises contains 
a definite number of hair follicles, which are later distributed 
into groups of 3’s and 4’s according to the propensities of the 
formative scutes. Itis evident upon this assumption that a ten- 
dency for the scutes toform about groupsof four hairs would result 
in the production of a shell having a low number of scutes, while 


LIMITS OF HEREDITARY CONTROL 887 


a tendency to form about groups of three would produce just the 
opposite result. A reference to table 13,in which the total counts 
on five specimens are recorded, indicates that, although the ani- 
mals may vary considerably in the total number of scutes, yet 


TABLE 13 


Showing proportion of 3-hair and 4-hair scutes in a small sample of the species 


| NUMBER | NUMBER 
SPECIMEN | BE Oe cea | pane | rome | LEFT MIDDLE RIGHT 
Shell 2...... | 625 391 234 | 2109 AB 77 138 
2) ie | 577 15Qe 418) 2149 70 29 60 
DOI a8 ss | 545 7 AGS 2103 33 9 35 
2 7 ee | 534 19 FGF Me PO) fi 2 10 
9204 2 ve. | 529 26 503 | 2091 13 Os ee 


there is very little difference in their total hair counts. In the 
two extreme cases, shell 2 and female 204, there is a difference of 
96 scutes, but in total hair counts they vary by only 18 points, 
which is a very inconsiderable difference when one considers that 
there are between three and four times as many hairs as scutes. 
Undoubtedly data on a larger number of animals would reveal a 
much greater variation; but the fact remains that, however 
variable the species may be with respect to the scutes (and their 
associated plates), it is comparatively stable with respect to the 
hairs of a given region. A statistical study of the hairs might be 
made, but their enumeration is difficult; for, on the one hand, 
not a few of the adults possess armors from which many of the 
hairs have been lost by abrasions through contact with rocky 
dens, and on the other hand, even advanced foetuses do not have 
hairs sufficiently developed to allow a census of them being taken. 

For this and other reasons it has seemed best to confine our 
studies to the variability and heredity of the scutes, and not to 
attempt a compilation of statistics on hair counts, which at best 
could be only imperfect. It is perhaps sufficient then merely 
to have indicated the line along which the evolution of the species 
is apparently directed. The fact that in all of the regions showing 
a primitive condition of the scutes, as in the case of the belly, 
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the hair groups are larger than in the more highly differentiated 
region like that of the bands, is prima facie evidence that here 
the direction of evolution is from the four-hair to the three-hair 
type, with a consequent increase in the total number of scutes. 

These high numbered specimens with their many scutes of the 
three-hair type are of further interest because they are probably 
to be regarded as mutations, in the sense that they represent dis- 
continuous variations. This in part can be made clear by an 
inspection of table 1. At the lower end of the series therein rep- 
resented the specimens occur with a frequency sufficient to be 
explained on the basis of an ordinary fluctuating variability, and 
this is also true of the other end of the series up to the specimen 
with 596 scutes; but beyond this point specimens are of rare occur- 
rence and consequently are separated by wide gaps. However, 
neither the rarity of their occurrence nor their wide separation 
is sufficient to place such specimens in the category of mutations, 
because there is always the possibility that a larger number of 
the species would furnish variates enough to fill up the gaps. If 
we would therefore explain these as saltations we must look to 
another source of information, namely, to their behavior in inherit- 
ance. This topic will receive attention in a succeeding section. 


B. Hereditary control in connection with scute ‘abnormalities’ 


(1). Double scutes. Attention has been called to the com- 
parative rarity of double scutes in the species and to the fact that 
in only a very few cases do double elements fall in the same place 
inthesame band. Itisrarely the case even that the same general 
region of a band of more than two specimens shows the peculiarity 
in question. When, therefore, we find in as many as three out 
of four members of a set of foetuses a double scute in almost 
precisely the same locality, we are forced to the conviction that 
even these elements, which might be defined in the words of Galton 
as ‘the minutest biological units,’ are predetermined in the undi- 
vided germ cell. 

Two sets of foetuses show the conditions most clearly and 
they are described in detail below: 
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Set 121 (Mother without any double scutes) 


Foetus 1. No double scutes 

Foetus 1. In band 2, scute 29, double 
Foetus 111. In band 2, scute 28, double 
Foetus tv. In band 3, scute 28, double 


It is to be noted that in three of the four individuals the double 
element occurs practically in the same spot. In view of the fact 
that, even in perfectly normal sets, the number of scutes in the 
same row varies widely among the individuals, it would hardly 
be expected that a predetermined doubling could strike the same 
numbered scute in any two members of a set. The regional 
hereditary control in this case is therefore somewhat more accu- 
rate than we would expect to find it, in viewof the laxity of hered- 
itary control in the matter of the arrangement of scutes into 
bands. The fact that in one of the foetuses the double scute 
occurs on the third band, while in two other foetuses the 
doubling affects the same or contiguous scute of the second band, 
only goes to bear out the idea that the process of scute alignment 
is to a large extent a mechanical process, involving the shifting 
backward or forward of the individual primordia under the influ- 
ence of pressures. It is only to be expected then, in the light of 
these considerations, that we should find a case now and then 
where a readily recognizable element like a double scute should 
indicate by its position that it may have been shifted from one 
row to another. 

On account of the small extent of its ‘abnormalities’ this set 
has been used in the study of correlation (table 6, A) as well as 
for an example of a peculiar type of band arrangement, (p. 874). 


Set 128 (Mother without atypical scutes of any kind) 


Foetus 1. In the last row of the scapular shield, scute 30 is double; scute 2 of 
band 2, double; scute 10 of band 3, double 

Foetus 11. In the last scapular row scute 28, double; an incomplete scute like 
that shown in fig. 9, occurs in band 6 between scutes 2 and 3 

Foetus. Inthe last scapular band scute 14, double; scute 49 of band 6, double 

Foetusitv. Scute 31 of band 4, double 
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In this set the following points are noteworthy: 

1. In none of the specimens examined in the statistical study 
of the frequency and distribution of double scutes was a case of 
doubling found in the last scapular row; hence the likelihood of 
the conditions described being due to coincidence is extremely 
remote. 

2. The location of the double scute is evidently not so rigidly 
defined as in the former case, since the double scute in foetus 
11z is rather far separated in position from that of either of the 
other foetuses. In the two individuals of the natural pair A, 
of the left hand side (right in the figure), however, the position 
of the double scute is almost precisely the same. One can detect 
the difference in position only by counting the scutes. Careful 
examination of the two right hand individuals in fig. 24 will make 
this clear. In the subsequent discussion of the phenomenon of 
pairing this circumstance will receive further attention. 

3. It is very unusual, as was indicated in the general discussion 
of scute ‘abnormalities,’ for an individual to have more than one 
double scute. When, therefore, three of the four quadruplets 
have two or more double scutes and the other has one we are 
inclined to suspect that they are all predetermined. 

4. In this and the last set the ‘three-to-one’ proportion is shown 
in several ways: (a) In set 121 three show a double scute and” 
one lacks it; (b) in set 123 three have the scapular double scute 
and one lacks it; (c) in the same set one of the four has three 
double scutes, one has only one double scute, and one of the four 
has an incomplete scute in place of a double scute. Many other 
cases of a similar kind are noted in connection with both normal 
and atypical sets. 

The following points although possibly of no real significance 
should be noted: (a) In foetus tv, the adjacent of foetus 1, occurs 
a double scute in the same position in its band as that which occurs 
in the scapular region of foetus 1, but four bands posterior to the 
latter. (b) In foetus 11 occurs an incomplete scute occupying 
the same position in its band as does one of the double scutes of 
foetus 1, but situated four bands posterior to the latter. (c) 
Tn foetus 111 a double scute of the sixth band is in position almost 
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exactly the ‘mirror image’ of the double scute in the third band 
of foetus 1. 

These facts may indicate various degrees of imperfect heredi- 
tary control in connection with the localization of these minute 
‘abnormalities,’ but if this be the case we are dealing with a state 
of affairs too complex to admit of solution with the present 
material. 

There are several other sets which exhibit scute ‘abnormalities.’ 
These may for convenience be brought together into a compact 
table (14). Here the number of the double or incomplete ele- 
ments in the various columns refers to the position of each in the 
band; ‘D’ indicates double scute and ‘S’ incomplete or split 
scute: 

Although in the members of these sets the double or incomplete 
elements would appear to occur almost at random, so far as their 
position within the nine bands is concerned, there are some cases 
in which, within a given pair at least, the hereditary control is 
fairly obvious. Table 14 further indicates that a close morpho- 
logical relationship exists between the two types of ‘abnormality’ 
and that they may readily be imagined to have a common hered- 


TABLE 14 
Showing the distribution of double and split scutes in the 20 sets of foetuses 
BAND 
SET FOETUS | im re eae 7 mn a3 
1 2 3 4 5 6 7 8 9 
Tis prey eee 5D | | | 
sh ante } Tiles | 58D | | 
Eyer es | yee 
oe emer ie | 
iIneeion wees | | 46D | 
I | 9D | | | 
DIGE ect II | | 25D | 
1100 ee A he | 9D | 
ja entree eee | 35 
a eae Eeeaeren ey | | | | 13D 
I ae 25D | 54D | | 
Be ode FE matt | 60D 
[Us Witieenec vce a | | | GOS 
sistas ate TIE... ee. | 11D | 
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itary basis. It would seem to be profitless to attempt any detailed 
analysis of the conditions in the sets tabulated, but there are 
some points worth study that have not been mentioned. 

Every case in which two or more individuals show a scute 
‘abnormality’ is almost undoubtedly a case involving some phase 
of hereditary control, for on the basis of chance there would be 
very few sets more than one individual of which would have a 
double scute. 

In concluding this account of the hereditary control of double 
scutes attention might be called to the fact that in this connection 
we have excellent material for testing Galton’s ‘‘minutest bio- 
logical unit capable of hereditary transmission.’? Whether or not 
these minute pecularities of the scutes are directly inherited from 
the immediate parents we cannot at present determine, but we 
are certain that the conditions are blastogenic in the sense that 
they are predetermined in the fertilized egg. If this be the equiv- 
alent of hereditary transmission we may rightly claim to have 
found just the sort of unit that Galton was looking for. It seems 
unlikely that any smaller unit could be predetermined. 

(2). Three-hair type of scute. In only one set of foetuses (set 
135) have we found that peculiar condition described as a possible 
discontinuous variation or mutation. Although we are unable 
to count the hair primordia in the foetuses, we are confident that 
the great majority of them are of the three-hair type. This 
assumption is justified by the fact that the scutes have the same 
narrow appearance that is seen in adults in which the three-hair 
type prevails, and by the additional circumstance that we have 
never found an individual with over 600 scutes in which the three- 
hair type of scute did not largely predominate. As an additional 
piece of evidence in favor of the idea that the condition in question 
is a mutation, it seems highly probable that it is inherited in the 
exclusive fashion and is dominant. If we suppose that the foe- 
tuses show a blend between the mother, an individual with 573 
scutes, and the unknown father, it would necessitate the positing 
of a male parent with a scute number far in excess of any we have 
found to occur in the species. That the lower scute numbers, 
which are made up from shells showing comparatively few three- 
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hair scutes, are inherited in the blended fashion is shown by a 
comparison of the counts of the mothers and those of the foetuses. 
In nearly every case the latter show marked divergences from the 
former, which would seem to indicate a total lack of exclusiveness 
about the inheritance. 

Attention might also be called to the fact that in this set three 
individuals have almost identically the same number of scutes 
while the fourth has decidedly more. 


C. Band ‘abnormalities’ in the species; their distribution and 
frequency 


The atypical variations in the bands consist primarily of extra 
or supernumerary bands or parts of bands, and show a rather 
marked degree of regularity in that they occur repeatedly in about 
the same regions of the armor. They are found most frequently 
in the first or second band, or in both, and may occasionally be 
seen in the region of the eighth or ninth band, but rarely appear 
in bands three to seven. Their frequency has been determined 
from a study of 1768 specimens, in which 60 are abnormal, or 
about 3.4 per cent of the total number of individuals examined. 

On account of the apparent nature of their origin, as well as 
for convenience in description, we have chosen to consider these 
‘abnormalities’ under three headings, as follows: (1) Fusions, in 
which parts of two bands have united to form a single structure; 
(2) Splittings, in which a series of elements of a band have divided 
transversely to produce a double row; (3) Additions, in which a 
band or part of band, either from the scapular or pelvic shield, 
has been added to the thoraco-lumbar shield, thereby increasing 
the banded region, and in case of the contribution or an entire 
band, producing a ten-banded animal. 

(1). Fusions. This kind of variation is found in 31 of the 60 
‘abnormal’ specimens, or in more than fifty per cent of the cases. 
It usually expresses itself in one of two ways. In one type two 
adjacent bands have their scutes at one side of the armor united 
to form a single structure. This type may be spoken of as ‘uni- 
lateral,’ in contrast to the second or ‘bilateral’ type, in which the 
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fusion of the two bands occurs on both sides of the armor. A very 
good example of this latter type is shown in fig. 11 in which seven 
scutes are involved on the left side and four on the right. 

The unilateral type occurs 25 times in the 31 cases of fusion, 
and appears 15 times on the left side and 10 on the right. It is 
distributed as follows among the several bands: 18 times between 
bands 1 and 2; 3 times between bands 8 and 9; and once each 
between bands 2 and 3, 4 and 5, 5 and 6, 6 and 7. In almost 
every case of unilateral fusion the scutes at the extreme lateral 
margins of the bands are involved, and in only a few specimens is 
it situated well within the margin (e.g., in fig. 18). 

The six remaining cases of fusion are all of the bilateral type, 
and in each instance the two fusions are practically symmetrical, 
both as to position and extent. This is true even when they are 
situated toward the median line of the armor. All the bilateral 
fusions observed are between bands one and two. 

(2). Splittings. The second kind of atypical band variation 
is the splitting, which as already stated consists of a transverse 
division of the elements to give rise to two bands. It is not 
always an easy matter to determine, especially in complex cases 
where two bands seem to be greatly confused, whether we are deal- 
ing with a fusion or a splitting; but a rather safe, though not uni- 
versal, rule to follow is to count the elements in each row of the 
double regions, and if these be equal in numbers it is safe to decide 
that one is dealing with a splitting (fig. 12). 

Using this as our principal method of determination we have 
classified sixteen specimens as belonging to this group. Five of 
these are unilateral (three on the left and two on the right) and 
eleven bilateral. One of the most striking features of the latter 
type is the strong tendency to be almost bilaterally symmetrical. 
For example in fig. 12 is shown one in which the splitting begins in 
the seventh scute on each side, and the specimen fails to show 
symmetry in its bilaterality only in having the splitting slightly 
less extensive on the right than on the left side. Another point 
worthy of note is the fact that splittings are confined almost en- 
tirely to the first band; thirteen of the fifteen cases occurring here. 
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The fourteenth and fifteenth cases appear in the sixth and ninth 
bands, respectively. 

Several of the cases of splitting are rather complicated, but not 
to such an extent as to render their classification uncertain. One 
of these is shown in fig. 13, and it will be noted that while the 
‘abnormality’ is clearly of the bilateral type, yet it is slightly com- 
plicated by having an additional splitting just to the right of the 
left-hand split. 

(3). Additions. The final class of band variations is additions, 
by which is meant the adding of a band or part of band from either 
of the shields lying adjacent to the banded region. Six cases of 
this type have been observed, and five of these are from the 
seapular shield. An excellent example of this type is seen in fig. 
19. The right half of the posterior row of scutes has dropped 
down from the shield and forms a perfect band on this side of 
the armor. One can follow the scutes of the added half-band 
across to the left side where they clearly form the posterior row 
of the scapular shield, so no question can exist regarding the origin 
of such ‘abnormalities.’ 

It is easy to imagine how a completion of the dropping would 
resuit in adding an entire new band to the banded region, and the 
four or five cases of ten-banded animals that we have observed 
may have acquired their extra band in this manner. However, 
it is possible that additions may take place from the pelvic shield; 
in fact, our sixth case of additions has probably come to exist in 
this way, because the pelvic shield of this particular specimen is 
foreshortened. It should be noted also that a ten-banded animal 
could be produced by a complete splitting of one of the nine regu- 
lar bands. 

In four of the seven cases of band variations, not classified in 
the above groups, not sufficient data were taken to permit an 
. exact determination of their characters; they are merely recorded 
as being ‘abnormal.’ Two of the remaining three are almost 
exactly the same, except that one is in the first band and the other 
intheninth. The latteris sketched in fig. 14. The ‘abnormality’ 
is located approximately in the middle of the band, and consists 
of a region of four double scutes. At first one would be inclined 
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to suggest that it had been produced by a splitting of four scutes, 
but upon a closer inspection it will be seen that the upper row is 
closely associated with the left half of the band, and the lower 
row with the right half. In the light of the ‘theory of concres- 
cence’ one is tempted to suggest that it has been brought about 
through a failure of the embryonic primordium to affect a perfect 
meeting in this region, and consequently the inner ends of the 
two half-bands have slipped past each other for a short distance. 

In this connection attention should be called to a certain 
rather rare atypical condition which sometimes appears either in 
the ninth band or in the first row of the pelvic shield. The peculi- 
arity consists of a ‘jog’ at the middle point of the band or row, 
and in all probability has come about in a manner like that sug- 
gested just above. A specimen showing this condition in the first 
row of the pelvic shield is seen in fig. 23. 

The final ‘abnormality’ to be considered is shown in fig. 15. 
It really is a double peculiarity, in that both the eighth and ninth 
bands are involved. In the eighth band there are three small 
primary scutes lying just anterior to numbers 53-56 of the main 
scutes of the band. These small scutes do not affect the bony 
plates and must therefore be looked upon as very rudimentary 
in character. In the ninth band a somewhat similar ‘abnor- 
mality’ is seen, lying at scutes 52-56 of this band. It consists 
of four small scutes, which however affect the bony plates, as can 
be seen in the sketch of the under surface of this region of the 
band (fig. 15 6). It cannot be said to be a splitting because there 
are five plates in the lower or main row and only four above. 

In concluding this section of the paper two facts brought out 
in the foregoing account should receive especial attention, because 
of their direct bearing on what is to follow. (1) In all those 
cases of atypical variations that we have designated as bilateral 
there is a very strong tendency toward symmetry in the affected. 
regions both in position and extent. This is particularly clear 
in specimens classed as splittings, as the citation of a few cases 
will make evident: (a) In shell no. 8 band 1 has 57 scutes, and 
the two splittings occur in scutes 6-14 on the left and 44-51 on 
the right—were the right-hand split in scutes 44-52 instead of 
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44-51, it would be a perfect example of bilateral symmetry; (b) 
in shell no. 21, in which band 1 has 59 scutes, the splits are in 
scutes 8-13 and 46-52—here again a change of one point on the 
right side would make a bilaterally symmetrical ‘abnormality’; 
and (c) in shell no. 13 there are 63 scutes in band 1, and the splits 
are in scutes 4-16 and 48-59— a close approximation to sym- 
metry. These conditions remind one of Wilder’s results in dupli- 
cate twins, already referred to in the introduction. (2) The 
second point to be emphasized is this, that although the atypical 
variations in the bands show a marked degree of regularity in 
occurring so frequently in the first and second bands, yet they 
display a great diversity in the fact that scarcely any two of them 
are exactly alike. This diversity for the species is striking when 
considered in the light of the fact that in 1768 specimens examined 
but two sets of coincidences have been found, and these occur in 
the simplest type of ‘abnormality.’ Since many of the shells 
upon which these data were taken are from the same locality it 
is not improbable that some of these cases are either brothers or 
sisters, and not coincidences. The fact that only two sets of 
these supposed cases of coincidences, and these of the simplest 
type (very slight fusions), have been found in 1768 individuals 
will serve to emphasize the importance of fraternal correlation 
as brought out in a subsequent section of the paper. 


D. Hereditary control in connection with band ‘abnormalities’ 


Considering the comparative rarity of band ‘abnormalities’ 
in the species we have been fortunate to secure a collection of 
sets of foetuses, among which appear examples of practically all 
of the types of malformation described above. As in the case 
of meristic variation in the normal scutes and in the matter of 
double scutes the precision of hereditary control is much more 
marked in some cases than in others; in some the conditions are 
fairly simple and in others highly complex. The sets are described 
in detail and discussed separately, in so far as the special condi- 
tions of each case are involved. The general significance of many 
of the observations can be discussed to advantage only after all 
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the data has been presented and the underlying problems pre- 
sented for discussion. 

Set 64. (Mother normal). Foetus 1 appears at first sight to be 
perfectly normal, in so far as band arrangements are concerned; 
but examination reveals the presence of ten full bands. In view 
of the fact that all of the other members of the set show more or 
less extensive regions of splitting in the first band we are forced 
to conclude that the extra band in this individual has been pro- 
duced by a process of band splitting carried to a completion. 


Fig. 3 Diagrams of the ‘abnormal’ bands in the four foetuses from female no. 
64. In this as in the two succeeding figures, the Roman numerals I-1v refer to the 
individual embryos from which the sketches were made, while the arabic indicate 
the number of scutes in each of the regions to which they are adjacent. 


This is really only a bilateral expression of the condition seen in 
the right hand half of the first band of foetuses m1 anditv. That 
there are 64 scutes in the first half-band and only 62 in the second 
might seem to militate against the idea of splitting, but there 
occur in our collection several undoubted cases of splitting where 
the number of scutes in the two series produeed by the split are 
unequal. The split first band of foetus 1 is shown in fig. 3, I. 
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Foetus 1 shows a condition entirely different from that de- 
seribed for its partner, namely a bilaterally symmetrical, regional 
splitting of the first band, beginning four scutes from the margin 
on each side and involving 15 double rows of scutes in each case. 
The condition is diagrammatically shown in fig. 3, 1. 

Foetus 11 exhibits a decidedly asymmetrical regional splitting 
of the first band, being a mixture of the two pure types shown in 
foetusestand iz The left half of the band is identical with that 
of foetus 11, while the right half is the duplicate of that in foetus 
1 (hie 3, Er): 

Foetus Iv is identical with foetus 111, in so far as the splitting 
is concerned, but shows in addition to the latter a fusion of the 
anterior row of the completely split half with the opposite half 
of the last scapular row of scutes. This condition has been ob- 
served in the shells of several adults and has been interpreted as 
a case of the incipient addition of a band to the banded region by 
means of a ‘drop-down’ from the scapular shield. The present 
condition could hardly be interpreted in that way in view of our 
knowledge of the conditions seen in the other members of the set. 
It would appear that we have here a case of an epigenetic process, 
involving a secondary fusion of two unrelated half bands, the 
right half of the first band and the left half of the last seapular 
row (fig. 3, Iv). 

This is in some ways the most extraordinary set in the collection 
and suggests a number of theoretical considerations for general 
discussion. The main points that should be noted while the facts 
are fresh in mind are as follows: 

1. The splitting process involving the first band occurs in all 
members of the set, which would indicate that this much was 
predetermined. 

2. The regional splitting involves in all four cases (twice in 
foetus 11) exactly the same number of scutes, 15 in each ease; 
and these are located precisely the same distance from the margin 
every time. The precision of hereditary control is, in this regard, 
nothing short of marvelous, since it is perfect. 

3. There are evidently two distinct expressions of the splitting 
tendency, the complete and the incomplete. The distribution of 
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the two types is quite impartial in so far as their frequency is 
concerned, for, out of the possible eight lateral halves of the four 
foetuses, four are occupied by each type. It would appear from 
this that each was equally strongly predetermined; but the exer- 
cise of hereditary control in the distribution of the two types 
among the four foetuses is somewhat haphazard and reminds one 
strongly of a pure chance combination of two elements selected 
in pairs, like, for example, the Mendelian ratio of F 2’s, D-2Dr-r. 

4, Apart from the ‘secondary’ fusion of one of the split half 
bands with the scapular shield, the members of the natural pair 
B (11 and tv) are strikingly identical. Evidently hereditary con- 
trol within the pair is more accurate than in the whole set. The 
explanation of this condition must be discussed in the subsequent 
section on pairing. 

Set 96 (Mother normal). This case is somewhat simpler than - 
the last in that it involves only one type of ‘abnormality,’ namely 
a simple fusion of the first two bands. We have decided to call 
the condition a fusion, because, including the two which are 
united, there are only nine bands. ‘The strictly marginal charac- 
ter of the band unions would also serve to indicate a fusion, for 
we have found no cases of incipient marginal splitting in our exam- 
ination of adult shells. 

Foetus 1 shows a unilateral fusion of comparatively slight 
extent, involving only 5 scutes and confined to the right side. 
There are 57 free scutes in band 1 and 58 in band 2 (fig. 4, 1). 

Foetus 11 shows a bilateral fusion of small extent, involving 
7 scutes on the right and 4 on the left. There are 51 free scutes 
in band 1 and 49 in band 2 (fig. 4, 11). 

Foetus 11 shows an extensive unilateral fusion, involving 21 
scutes and confined to the right side. ‘There are 40 free scutes 
in band 1 and 39 in band 2 (fig. 4, m1). 

Foetus Iv shows the same condition as does foetus III except 
that there are 19 fused scutes instead of 21. There are 41 free 
scutes in each of the first two bands (fig. 4, Iv). 

The following points may be noted: 

1. The fusion in the first two bands occurs in all individuals but 
differs in its extent and in the unilaterality or bilaterality of its 
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expression. Evidently a marginal fusion of bands 1 and 2 is 
predetermined, but here the predetermining influence ceases to 
operate and epigenetic factors of some sort determine whether 
the character shall have a unilateral or a bilateral expression and 
to what extent the fusion is to be carried in each case. It will 
be noted that hereditary control is much less precise in this case 
than in set 64. 

2. The ‘three-to-one’ proportion once more presents itself in 
that three members of the set have the fusion on the right side 
only, while one has it on both sides. 


Fig. 4 Diagrams of the ‘abnormal’ bands of the four foetuses from female 
no. 96. 


3. There is a distinct pairing on the basis of the extent of the 
fusion, pair A (1 and 1) showing the character in a much less 
extensive form than pair B (ar and Iv). Within the pairs the 
resemblance is very close. 

Set 101 (Mother normal). The conditions seen here are in 
many respects equivalent to those described for set 64. All 
four foetuses show a rather advanced stage of splitting in the first 
band. At first we thought that foetuses 11 and Iv were quite 
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normal, but further examination reveals our mistake, for each 
of these two individuals possesses ten well defined bands. The 
condition seen in one of the foetuses is so obviously a splitting 
that we are compelled to interpret the extra band in each of these 
foetuses as having been produced by a complete splitting of the 
first band. 

Foetus 1 shows an extensive bilaterally symmetrical and some- 
what complex regional splitting of the first band. . On both sides, 
beginning 6 scutes from the margin, there occurs a splitting involy- 
ing 9 scutes, and in the central part of the band there is another 
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Fig. 5 Diagrams of the ‘abnormal’ bands of foetuses t and 11 from female no. 101. 


split region of 17 scutes. Separating the median from the two 
lateral splittings are paired unsplit regions, each involving 8 
scutes. In the ninth band there is another band peculiarity, 
consisting of a ‘jog’ in the middle of the band similar to that-sshown 
in fig. 23. There are 34 scutes to the left of the break and 31 
to the right. The region involving the fusion is illustrated dia- 
grammatically in fig. 5, 1. 

Foetus 11 shows a more advanced stage of the splitting in that 
the process has gone on to completion on the right side and has 
extended to within 6 scutes of the margin on the left side (fig. 5, 
11). Asin foetus 1, there occurs here also a ‘ jog’ in the ninth band, 
which is approximately the ‘mirror image’ of that in the partner 
individual, in that there are 34 scutes on the right of the break 
and 30 on the left. 
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Foetuses 1 and tv both show a completed splitting of the first 
band into two, thus producing ten bands; and they also lack the 
irregularity in the ninth band. 

Attention is called to the following points: 

1. All four members of the set show an extensive splitting of 
the first band. The splitting was predetermined in so far as 
the location within a certain band is concerned, but the extent 
or manner of its expression appear to have been beyond the limits 
of hereditary control. 

2. There was evidently a fairly rigid hereditary control in the 
matter of the various limits of the incomplete splittings, as one 
may judge by the facts that the two sides of foetus I are exactly 
identical and that six scutes constitute the marginal unsplit' region 
in every case where the splitting is incomplete. This would 
indicate a precision of hereditary control almost as remarkable 
as that noted in set 64. 

3. There is a pairing of foetuses on the basis of the extent of 
the splitting, pair A (1 and 1) showing an incomplete splitting, 
and pair B (im and Iv) a complete one. Pairing is again evident 
in the matter of the irregularity in the ninth band, pair A (1 and 
11) showing it, pair B (ar and tv) lacking it. 

4. The ‘three-to-one’ proportion appears again in that three 
individuals are bilaterally symmetrical and one is unilateral in 
the expression of the splitting process. 

Set 118 (Mother normal). This is the only set in our collec- 
tion where only one member of a set shows a band ‘abnormality.’ 

Foetuses I, 11 and Iv are normal. 

Foetus m1 shows a fusion of small extent between the first two 
bands, involving only three scutes at the left hand margin. 

The extent of the ‘abnormality’ is so slight that it seems scarcely 
worth while to discuss the possible bearings of thecondition. It 
would appear best to consider the case as one of incipient fusion, 
which may have arisen epigenetically in one of the four individ- 
uals. In the next generation it might have been inherited in a 
more pronounced form. There is, however, the alternative 
explanation which is developed in the discussion of the theoretical 
causes of pairing. 
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Set 121 (Mother abnormal). This is one of two observed cases 
of the direct inheritance of an atypical condition from the mother. 
In this case the mother had a right marginal fusion of the last two 
bands, involving 4 scutes. 

Foetus I is normal. 

Foetus 11 shows a ‘jog’ in the ninth band similar to that shown 
in fig. 23 and in set 101. There are 33 scutes on each side of the 
break and hence the latter is median. 

Foetus 111 is normal. 

Foetus Iv shows a ‘jog’ in the ninth band just like that in foetus 
11 except that there are 33 scutes on the right and 35 on the left. 

The ‘abnormality’ in the mother is entirely different in char- 
acter from that shown by the two foetuses, but in that it is uni- 
lateral and involves the ninth band in both mother and foetuses, 
there would seem to be ground for believing that there is some 
genetic connection between the peculiarities seen in the two 
generations. It is quite possible that the parental and filial 
conditions may have no hereditary connection, but there must 
nevertheless be some predetermining mechanism controlling the 
occurrence of the same peculiarity in two of the members of a set. 

It should be noted that the two diagonally placed foetuses 
seem to be paired with respect to the band irregularity, and that 
the same individuals were noted as paired on the basis of scute 
counts. This condition strengthens the hypothesis that occasion- 
ally there may occur such a shifting of the blastomeres as to bring 
about a false pairing in the arrangement of the quadruplets with- 
out interfering with their inherited potentialities. For a more 
detailed discussion of this situation reference is made to one of 
our former papers on this subject.! 

Set 123. Mother shows a deep crease in the scapular shield, 
between the ninth and tenth scapular rows (counting from the 
posterior margin of the shield). This crease is apparently due to 
the suppression of part of a row of scutes. 

All four foetuses show the same peculiar crease in precisely the 
same region. The photograph (fig. 24) will serve to emphasize 


1 Newman and Patterson, 1910. This Journal, vol. 21, no. 3, p. 401. 
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the striking identity of the four quadruplets with respect to the 
peculiarity on question. This is the only undoubted case of the 
direct transmission of a definite seute peculiarity from the mother 
to the offspring which we have encountered. In this case it 
seems clear that hereditary control and hereditary transmission 
are equally precise, and it appears probable that most of the cases 
we have described are inherited either from the unknown fathers 
or from some recent ancestor. 


PAIRING; AN INTRA-FRATERNAL CORRELATION; AND ITS BEARING 
ON THE PROBLEMS OF HEREDITARY CONTROL 


The most difficult question that confronts us in attempting 
to gain an insight into the operation of the predetermining mech- 
anism concerns not so much the resemblances between the quad- 
ruplets as their differences. Why are they not all exactly alike 
and why are there closer resemblances between some individuals 
of a set than between others? 

It has been shown that, with respect to their uterine connections, 
the four foetuses are definitely paired, in that two of them are 
attached to each of the lateral placental discs of the chorionic 
vesicle. Embryological investigations have revealed indications 
of a much earlier and more intimate pairing. With very few 
exceptions the resemblances between the foetuses are strictly in 
accord with their placental pairing, the closest resemblances 
occurring between the two individuals attached to the same 
placental disc. This is not a mere matter of arbitrary judgment, 
but is based on a comparison of the inter-pair and intra-pair 
correlation. By the use of the difference method previously 
employed the two constants have been determined as follows: 


Inter-pair coefficient of correlation = 0.9257 
Intra-pair coefficient of correlation = 0.9517 


It will be noted that the correlation between the individuals 
of opposite pairs (inter-pair correlation) is lower than that deter- 
mined for the whole set (.9348), while the correlation between 
the individuals of the same pairs is decidedly higher; in fact this 
is probably the highest correlation constant determined for any 
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organic relation. How surprisingly alike are the members of the 
pair may be realized by an examination of table 6. A glance 
down the column of totals will reveal the frequency with which 
exact identity exists between the paired individuals and how rarely 
such is the case between individuals of opposite pairs. 

It might be claimed that any method of pairing would give a 
closer correlation than that derived from a treatment of the whole 
set. That this claim is without justification is readily shown by 
the experiment of pairing the foetuses in different ways and deter- 
mining their correlation constants. There are two other possible 
ways of pairing the quadruplets. We may put together the adja- 
cent members of opposite pairs, associating foetus I with Iv and 
II with 111, or we may pair them diagonally, associating 1 with 11 
and 1 withtv. The result of the experiment is shown below: 


Correlation coefficient, true pairs (I-11) and (111-1v) = 0.9517 
Correlation coefficient, false pairs (I-1v) and (11-111) = 0.9270 
Correlation coefficient, false pairs (1-111) and (11-rv) = 0.93894 


It will be noted that the correlation constants for both of the 
false pairs differ only to a slight extent from that of the whole 
set; which shows conclusively that there is no intra-fraternal 
correlation on the basis of either of these artificial groupings. 

The pairing relation is brought out even more strongly in the 
study of atypical scute and band conditions. In each set dealt 
with reference has been made to the instances of pairing as they 
occurred, and in several cases it was shown that pairing was exhib- 
ited in several different ways in the same set. No more convinc- 
ing evidence of the reality of pairing could be asked for than is 
afforded by the conditions seen in sets 64, 96 and 101. 

The fact of pairing would seem then to need no further dem- 
onstration; but its underlying causes and its relation to the 
mechanics of hereditary control are problems that require much 
consideration. 

It must be frankly admitted that so far we have failed to prove 
conclusively that each foetus in a set is the product of a single 
blastomere of the four-cell stage. The youngest embryonic 
vesicles appear to be still single individuals so far as any visible 
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demarkation ‘of embryonic primordia is concerned; but the absence 
of a visible line of separation between the quadrants of the vesicle 
does not preclude the possibility that each quadrant may be 
formed exclusively, or nearly so, of cells derived from one of the 
first four blastomeres. It seems very likely, in fact, that the 
cleavage products of each blastomere would continue to occupy 
the relative position held originally by the parent cell, in spite 
of the various complex developmental processes that ensue, just 
as the cells derived from the first two blastomeres, in many organ- 
isms, retain their bilateral positions and go to form the right and 
left sides of the individual. To this extent then we are probably 
justified in tracing back each of the quadruplets to one of the first 
four blastomeres. If this be granted it results logically that each 
pair must be the product of one of the first two blastomeres. 
On this basis alone are we able to offer any reasonable explana- 
tion of the observed phenomenon of pairing or to attempt an 
answer to the question: Why should there be a closer resemblance 
between paired than non-paired individuals? Our original 
explanation of the condition naively assumed that the first cleav- 
age would divide the fertilized egg into two somewhat unequal 
parts, and that the second cleavage would divide these half eggs 
into quarters more nearly equal than were the halves. In brief 
we assumed that the first cleavage gave products more variable 
than the second. Is there any basis for such an assumption? 
Is there, as development proceeds, a progressive decrease in the 
variability, real or potential, of daughter cells? It has been dis- 
covered from a study of the intra-individual variability of certain 
plants, notably Ceratophyllum, (Pearl, ’10), in which whorls 
of leaves are successively produced by-the apical bud or growing 
point, that the leaves of the first whorl are the most variable, 
least closely correlated, and that later ones vary less in an orderly 
progression. Similarly, if we consider that in the first cleavage 
the armadillo ovum divides itself into two potential individuals 
and that each of these in turn divides into two more individuals, 
we would expect to find a decreasing variability among the like 
parts produced at each successive division. In this case, however, 
the production of quadruplets destroys the twins and we can dis- 
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cover the variability of the products of the first division only by 
determining the inter-pair correlation in our sets of quadruplets. 
This constant should be lower than that determined between the 
individuals of the several pairs, the intra-pair correlation. This 
is exactly what we have done, and the results, as given, are in 
accord with the hypothesis. An interesting test of the validity 
of this explanation of pairing might be made in connection with 
the foetuses of Tatu hybridum, one of the South American arma- 
dillos, which has most commonly eight or more polyembryonic 
foetuses. Here the production of individuals has gone at least 
one step further than in our species, and it should be possible to 
find out whether the products of the last division are more closely 
correlated than are the paired individuals in our species or than 
the products of the previous division. It is to be hoped that some 
investigator to whom the material is available may see fit to satisfy 
our curiosity on this point. If our hypothesis should prove to 
be well founded we shall have furnished an interesting illustration 
of the law of decreasing variability with the production of like 
parts, which is probably a corollary of the more general law that 
variability decreases progressively with advancing development, 
a law made clear by Vernon in his book on ‘‘ Variation in animals 
and plants.” 

What are the logical consequences of accepting such an explan- 
ation of pairing, and what light may the ideas expressed throw 
on the problem of the mechanics of hereditary control? Two 
courses are apparently open. We may consider the fertilized 
armadillo egg as heterogeneous in structure, so that its four quad- 
rants, which occupy the positions of the four blastomeres, bear 
the different materials which determine the differences between 
the four foetuses. On this basis it would be difficult to explain 
the paired relation, and still more difficult to accept the necessary 
consequences of the assumption that, where certain atypical 
conditions occur in all four foetuses, the physical basis of the 
‘abnormality’ must have been repeated four times over in as many 
quadrants of the egg. It would involve too severe a strain on 
one’s credulity to ask him to believe that in sets 121 and 123, for 
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instance, the double scute primordium occurred separately in 
three of the quadrants of the uncleaved oosperm. 

The alternative hypothesis involves the assumption that the 
differences are due to the lack of complete accuracy in the bilateral 
distribution of the hereditary materials (probably chromosomes). 
During the process of cleavage by means of the mechanism of 
hereditary transmission, whose visible operations are probably 
intimately associated with the mitotic figure, the various materials 
which condition the development of the definitive structures are 
distributed more or less unequally to the two daughter cells. 
The next cleavage involves another unequal distribution of mate- 
rials, but the inequality is lessened; and presumably, as the cleav- 
age process continues, either the distributing mechanism becomes 
more exact through practice or else the material distributed 
becomes progressively more homogeneous, and hence less apt to 
produce variability. 

The Mendelian-like ratios which we have noted so often may 
be no more than fancied parallelisms, but we have been unable 
to dismiss the phenomenon without some speculation as to its 
possible significance. The true Mendelian ratio of ‘three-to- 
one’ is the result of the segregation of grand-parental characters, 
a fact which has suggested the thought that we may have here 
a condition involving in some way, which we are at present unable 
to understand, the interaction of dominant and recessive ancestral 
characters. The only alternative explanation of the presence 
of a character in three individuals of a set and its absence in the 
fourth involves the assumption of latency, whose aid we hesitate 
to invoke, because we fear that its generous assistance has already 
been presumed upon over much. After all there is still much to 
explain in connection with the problem in hand and we can 
scarcely expect to be able to solve some of its mysteries with- 
out the aid of breeding experiments. In spite of the many difficul- 
ties that confront us in connection with attempts to keep these 
animals alive in confinement and to have them breed under exper- 
imental control, we feel that breeding is imperative and that 
success will come in time. 
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THE HEREDITARY CONTROL OF SEX 


The only character that seems to be rigidly controlled—which 
does not vary at all in the members of a given set of foetuses— 
is the character of sex. Whether the set shall be male or female 
is apparently settled at the time of fertilization and has its physi- 
cal basis presumably in a dimorphism of the spermatozoa. Sex 
having been determined, there is no room for individual variation 
with regard to this character, unless there be such a thing as a 
more or less pronounced maleness or femaleness. If degrees of 
sex do exist they no doubt express themselves in terms of fertility. 

Along with the primary character of sex are predetermined all 
of the secondary sexual characters, but these are not so rigidly 
controlled. Probably no more highly variable characters exist 
than those that are associated with sex. In the armadillo the two 
sexes are remarkably alike with regard to somatic characters. 
So similar are the two sexes that we have never been able to tell 
them apart without examining the genitalia. A statistical 
study of the scutes has, however, revealed a sexual dimorphism 
in the scute numbers. The mean number of scutes in males is 
a little higher than that in females, but the difference is one of 
only four or five scutes in the whole banded region. A more 
pronounced dimorphism exists in the comparative variability of 
the two sexes. Not only in the species, but within the confines 
of the various fraternities, the males are decidedly more variable 
than the females. Is there any structural dimorphism of the 
hereditary materials that could be held to be in ahy way corre- 
lated with this variational dimorphism? 

A preliminary study of the spermatogenesis of this species has 
revealed that a dimorphism of the spermatozoa probably exists. 
If the results of a more extensive study support this tentative 
conclusion, it will be possible to bring the question of the pro- 
duction of male and female sets into line with the general conclu- 
sions already reached on sex-determination in the other forms in 
which a dimorphism of the sperms brings about a balanced 
chromosome complex in the female and an unbalanced one in the 
male. Can there be any underlying connection between the bal- 
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anced chromosomal relations of the female and variational stability 
on the one hand, and between the unbalanced condition of the 
chromosomes in the male and its variational instability on the 
other? If such a connection exist we have, in addition to sex, 
another character whose physical basis may in some way be asso- 
ciated with the dimorphism in the chromatin content of the fer- 
tilized egg. 

A further suggestion might be made in this connection. It 
seems to be an established fact that the male sex is the more highly 
specialized, for males depart more widely from the juvenile type 
than do females. Might it not be possible that the unstable equi- 
librium of the male chromatin complex lies at the basis of the higher 
specialization of the male; for a condition of instability would 
involve an increased potentiality for progressive change? Is 
there any more or less justification for these suggestions than 
there is for the generally accepted idea that sex is in some way 
causally associated with the presence or absence of the accessory 
chromosome, or its equivalent? 


GENERAL CONSIDERATIONS 


In his chapter on blastogenic variation Vernon quotes from 
Weismann the statement that ‘‘the individual is determined at 
the time of fertilization, or, in other words, the individuality of the 
organism results from the fact that the germ-plasm is composed 
of the paternal and maternal ids which are brought together in 
the egg cell.” As evidence of the validity of this statement the 
author brings up the facts about human identical twins and on 
the basis of these facts claims that ‘‘ heredity is potentially decided 
at the time of fertilization.” 

In the present paper we have shown that the individuality of 
the organism is not precisely determined at the time of fertiliza- 
tion, but that the characters are hereditarily controlled only within 
certain limits. These limits we have been able to define with 
respect to a number of different characters. 

Our results are based on the assumption that the degree of 
divergence shown between the four foetuses is the index of the 
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variational potential of the fertilized egg. We assume that if 
the egg which produces a given set of quadruplets could be made 
to produce just one individual, this individual would have a 
potential range of variability equal to that exhibited by the set 
of quadruplets. Whether or not this assumption is justified 
depends to some extent on whether our ideas about the operations 
of the mechanism of hereditary control are sound. If one attrib- 
ute the differences between the foetuses to the fact of the unequal 
distribution of the hereditary materials, he would seem to be 
forced to the conviction that, were a single foetus to develop, there 
would be no chance for the operation of such a factor, and hence 
the heredity would be settled at the time of fertilization. This 
conclusion does not appear to be so necessary when we consider 
that, even where the egg produces only one individual, it must 
still divide into two, four, etc., blastomeres, and that each division 
affords an opportunity for an unequal distribution of hereditary 
materials. In the first cleavage, instead of producing two dis- 
tinct individuals, the egg divides its material into two bilateral 
halves, which are destined to produce the right and left sides of 
the definitive body. Now it has been shown in another connec- 
tion that the correlation between the antimetrically paired organs 
of the same individual is of the same grade as that shown to exist 
between the quadruplets. This fact simply confirms the idea 
that the variability of the sets of foetuses gives a reliable measure 
of the variational possibilities of the fertilized egg. Specific 
polyembryony doubtless furnishes a special case of intra-indi- 
vidual variability, in which the original individual breaks up into 
several strictly homologous and independent parts. 

We have realized from the beginning of our work on this subject 
that the results obtained might appear to some biologists to be 
explicable on the basis of similar or different environmental influ- 
ences operating during gestation. For these reasons we have 
been careful to select for study structures little if at all likely 
to be influenced by environmental factors. It will doubtless 
be claimed by some that the foetuses are almost identical because 
they have developed under almost identical conditions, and that 
the slight differences are the result of equally slight differences in 
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position, nutrition, etc. That the environmental factor cannot 
be seriously considered is shown when particular cases are exam- 
ined. What kind of an environmental stimulus, for example, 
could operate to produce such a definitely localized, minute 
peculiarity as the double scutes in the individuals of sets 121 and 
123? One could hardly imagine that a slight difference in the 
amount or character of the maternal nutriment would produce 
such a condition, nor could any mechanical factor, such as posi- 
tion, pressure or contact with the amnion, be held accountable for 
so definitely localized a character occurring in several individuals. 

Again, in the matter of atypical band arrangements, it would 
appear equally absurd to attribute resemblances or differences to 
environmental factors. Consider, for example, the conditions 
in set 64. Here the region of incomplete splitting is so definitely 
localized and involves so fixed a number of scutes that one would 
have to posit some kind of environmental influence which would 
be able to cover just so many scutes and place itself just so far 
from the margin in every case. It would also be necessary to 
explain why two of the four individuals should show the effects 
of the influence bilaterally and why the other two should show it 
unilaterally. 

These and many other cases that might be examined point to 
the untenability of the position taken by the proponents of the 
efficacy of environmental factors, and strongly fortify the position 
here taken, that the characters dealt with are purely of blastogenic 
origin. We conclude then that we have without question made an 
advance in the direction of determining the limits of hereditary 
control. We have shown with what degree of exactness the num- 
bers of certain integral variates, the scutes, may be predetermined 
and how much room is allowed for the play of epigenetic factors. 
We have demonstrated that the alignment of scutes into bands 
is very largely controlled by mechanical factors. We have indi- 
cated the degree of exactness with which certain ‘abnormalities’ 
may be hereditarily controlled, and how small a biological unit is 
capable of predetermination. 

One cannot but be impressed, however, with the diversity of 
conditions seen in the different sets. In some of the normal sets 
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it appears that hereditary controlis almost perfect, as, for example, 
in set 4, where there is a difference of only one scute among the 
four foetuses; in other sets, 97 for example, the variation among 
the foetuses is so great that, were they not found to be enclosed 
in a common chorion, one would hardly believe them to be related. 
The same conditions prevail in connection with the atypical scutes 
or bands. In some sets the ‘abnormality’ is repeated in the dif- 
ferent individuals with the utmost fidelity of detail, while in others 
neither the extent of the region affected nor its location is at all 
rigidly defined. In a word, one can speak definitely as to the 
limits of hereditary control for only one set at a time. What 
appears to be true for one case does not apply exactly to another. 

Even here, then, where one would expect the phenomena of vari- 
ation and heredity to exhibit almost diagrammatic simplicity, 
we find a high degree of complexity and lack of uniformity; and 
one is again compelled to acknowledge that nature is baffling 
in her manifoldness of expression and in her freedom from the 
trammels of exact laws. 


SUMMARY 


1. The data derived from human identical twins cannot serve 
as a criterion for the determination of the limits of hereditary 
control, for two reasons: (a) ‘The origin of the two individuals 
from a single fertilized egg is assumed from the fact of resemblance. 
(b) The comparison between the twins is made only after years 
of post-natal life. 

2. Armadillo quadruplets furnish a reliable substitute for 
human identical twins, because: (a) The phenomenon of specific 
polyembryony has been demonstrated for the species. (b) The 
unborn foetuses, with all placental connections intact, are used. 
(c) The scutes of the nine bands of armor, which are the objects 
of the present investigation, are elements that reach their defini- 
tive number and arrangement long before birth, and hence are 
excellent for the study of heredity. 

3. A study of the morphology of the integument reveals the 
fact that the integumentary unit is a complex element made up 
of a bony plate, a horny scute and a well defined hair group. 
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These are so closely associated and so definitely inter-related that 
a study of one element furnishes an index of the variability of all. 
For convenience, the external element, the scute, is chosen for 
statistical study. When the term ‘scute’ is used the whole com- 
plex is to be understood. 

4. A statistical study of the species variation in the nine bands 
reveals the facts that we are dealing with a highly variable char- 
acter which fluctuates according tothelawsof chance. The mean, 
mode and median practically coincide, and the observed and the 
theoretical variation curves are very similar. 

5. Males are decidedly more variable than females with respect 
to the characters studied. 

6. The variability of the bands taken separately is proportion- 
ately greater than that of the banded region as a whole. In each 
band, however, the variation in the numbers of scutes appears to 
take place according to the laws of chance. 

7. The twenty sets of normal foetuses furnish an ideal array 
for the study of fraternal correlation. Taking each set as a fra- 
ternity, and dealing with the total number of scutes in the banded 
region, a correlation coefficient of .9348 is obtained. This is taken 
‘as an index. of the strength of hereditary control with respect to 
the character in question. The only correlation constants at all 
comparable with this are those derived from a study of the anti- 
metrically paired organs of the same individual. This fact con- 
firms the idea of the polyembryonic origin of the quadruplets, and 
shows that, morphologically, we are dealing with four parts of one 
individual. 

8. The correlation coefficients determined for the individual 
bands are comparatively so low that the conclusion is reached that 
the process of scute alignment is largely mechanically determined 
and hence beyond the limits of hereditary control. 

9. A study of the atypical variation in the banded region shows 
that there are several types of scute ‘abnormality,’ double scutes, 
split scutes and the three-hair type of scutes; and also several 
types of band ‘abnormality,’ fusions, splittings and additions. 
All of these conditions are comparatively rare and highly diver- 
sified in detailed expression. 
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10. Practically all of the types of atypical variation are found 
in the present collection of foetuses. They are shown to be pre- 
determined, in some cases, with remarkable precision, and in 
other cases, only in so far as their general character and location 
are concerned. 

11. A further statistical study of pairing serves to demonstrate 
the truth of this relation. A mechanistic interpretation of pair- 
ing is offered, involving the idea that the differences in the four 
foetuses of a set may be due to the inexactness of the distribut- 
ing mechanism in cleavage. The paired condition is thought to 
be an illustration of the general law that variability decreases 
with the production of like parts. 

12. Sex is the only character absolutely predetermined, but the 
suggestion is made that the greater variability of males, both in 
the species and within the several sets, may be associated with the 
lack of balance in the chromosome complex. 

13. In reply to the possible objection that the variability of 
the four foetuses of a set is not necessarily an index of the possible 
range of variability of the ovum, it is argued that the variation 
between the right and left sides of the body of a single individual 
is of the same grade as that shown to exist among the quadruplets, 
and hence, from the variational standpoint, the single foetus is 
on the same footing as the quadruplets. 

14. The conditions described are shown to be inexplicable on 
the basis of varying environmental factors acting during gesta- 
tion. 

15. The lack of uniformity in the different sets of foetuses, with 
respect to the limits of hereditary control, leads to the realization 
of the complexity of the problem and to an acknowledgment that 
we are still far from a complete understanding of the factors 
involved. 
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Figs. 6-8 These figures show the upper and lower surfaces of three double plates 
in various degrees of fusion.  X 3. 
Figs. 9 and 10 Two specimens showing incomplete plates. x 3. 
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Fig. 15a Right-hand ends of the 8th and 9th bands of a shell showing two slight 
‘abnormalities,’ for a description of which see text. X 2. 

Fig. 15b Under surface of the affected regions of the preceding. X 3. 

Fig. 16 Under surface of a portion of the anterior half of the pelvic shield. 
Note the hexagonal shape of a majority of the bony plates. These are all per- 
forated by one or two small holes through which blood vessels and nerves pass. 
Ke 
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Fig. 18 A shell showing a fusion between bandsland2. 1. 
Fig. 19 A shell showing an addition to the banded region from the scapular 
shield <= 
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Fig. 20 Photograph of a portion of the left side of a shell. This shows the con- 
dition of the primary and secondary scutes. X 3. 

Fig. 21. Photograph of the upper surface of the pelvic shield (also part of the 
banded region), to show the pebbled effect. X 3. 
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Fig. 22 Left side of the shell with the high count of scutes (625), many of which 
are of the 3-hair type. A number of these can be made out in the photograph, 
especially in the first and second bands. 3. 

Fig. 23 The middle portion of the pelvic shield of a specimen showing a ‘jog’ 
in the region of the ninth band. X 3. 
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Fig. 24 Dorsal view of the anterior ends of the litter of embryos from female no. 
125. The embryos all show a well marked crease in the middle of the scapular 
shield. The mother also had this same peculiarity. Note the double scute in the 
middle of the last row of the scapular shield of each of the two embryos lying on 
the right. These two embryos are members of one pair. X 2. 


EXPERIMENTS, ON THE CONTROL OF ASYMMETRY 
IN THE DEVELOPMENT OF THE SERPULID, 
HYDROIDES DIANTHUS! 


CHARLES ZELENY 
SEVEN FIGURES 
INTRODUCTION 


The following experiments? were made as part of a study of 
the factors controlling asymmetry in the Serpulid, Hydroides 
dianthus. The operations were performed on young individuals 
in which asymmetry was just starting to develop and in which the 
adult mechanism for reversal of the opercula was not yet present. 
The results are interesting not only in connection with the prob- 
lem of the cause of the original asymmetry and of the reversal 
of the opercula in adults but also as bearing on the extent of agree- 
ment between regeneratory and ontogenetic stages. A more 
definite formulation of the problems follows. 

1. The first functional operculum of young animals is developed 
before the first rudimentary operculum. In the absence of any 
special mechanism in the form of a rudimentary operculum does 
reversal of position follow removal of the fanctional organ at this 
stage? What bearing does the behavior following such opera- 
tions have on the question of the origin of the original asymmetry 
and the cause of reversal of the opercula in adults? 

2. The first functional operculum of the young is different in 
type from that of the adult. Does the regenerated operculum 


1 Contributions from the Zoological Laboratory of the University of Illinois, 
No. 8. 

2 The experiments were performed at the Biological Laboratory of the Bureau 
of Fisheries at Woods Hole, Mass., during July and August, 1909. Iam indebted 
to Dr. Francis B. Sumner, the director, and to Professor Raymond C. Osburn, 
acting director during a part of my stay, for many courtesies. A preliminary 
report of the experiments was given before the Central Branch of the American 
Society of Zoologists at the lowa City meeting, April 8, 1910. 
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resemble the one removed or does it develop directly as an oper- 
culum of the adult type? 

3. Further, since the first operculum is a modification of a 
branchia and therefore originally has a respiratory function, is 
its removal followed by regeneration, first as a branchia which 
only later develops the opercular modification, or is the opercular 
modification regenerated directly? 

For a description of the opercula in adults and for experiments 
on reversal, reference is made to two former papers (Zeleny ’02, 
705). The development of the opercula in the young is treated 
in the second of these (pp. 38 to 54). A brief outline of the neces- 
sary points must suffice here. 


ASYMMETRY IN ADULTS 


In the adult Hydroides dianthus there is a large functional 
operculum or tube plug on one side of the body, either right or 
left, and a small rudimentary operculum on the other side (fig. 
1). The functional operculum (fig. |, /”) has a stout stalk end- 
ing in a hard chitinous enlargement consisting of a serrated cup, 
from the centre of which rises a circlet of curved spine-like pro- 
jections. The genus Hydroides is characterized by the presence 
of these two separate circles of serrations or projections in its 
functional operculum. ‘The rudimentary operculum (fig. 1, /) 
is a small bud-like structure corresponding in position exactly 
with the functional operculum of the opposite side of the body. 
Near the base of each opercular stalk there is a well defined line, 
the breaking line or breaking joint. 

When the cup of the functional operculum is removed, the 
rudimeatary operculum of the opposite side develops into a func- 
tional operculum similar to the one which had been injured. The 
stalk of the inj:1red operculum meanwhile drops off at its break- 
ing joint and a rudimeutary operculum develops in its place. 
There is thus, as a final result of the operation, a reversal in posi- 
tion of the two opercula. This reversal may be repeated several 
times. 
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Fig.1 Hydroides dianthus. A, dorsal view of right-handed specimen, showing 
relations of parts. Ends of branchiae and functional operculum not given (6); 
B,C, diagrams of anterior surface of head of left-handed and right-handed speci- 


mens (X6); D, branchia viewed from inner surface (X25); #, rudimentary oper- 


culum (X 30). fF, functional operculum (X 30). 


The process is very similar to the reversal of the two chelae 
in Alpheus as described by Przibram (’01 to ’07), Wilson (’08), 
Zeleny (’05) and Stockard (10). In Alpheus there is a larger so- 
called ‘snapping’ chela on one side of the body and a smaller 
‘cutting’ chela on the other side. These chelae differ from each 
other both in size and in structure. When the snapping chela is 
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removed, the cutting chela changes into a snapping chela and in 
place of the former snapping chela a cutting one is developed. 

In Hydroides the presence of the functional operculum in some 
way inhibits the growth of the rudimentary operculum into a 
functional one. Likewise in Alpheus the presence of the snap- 
ping chela inhibits the change of the cutting chela into a snapping 
chela. It is evident that the rudimentary operculum in the one 
case and the cutting chela in the other need only the proper stim- 
ulus or removal of an inhibition to develop at once into organs like 
their mates. These smaller organs are therfore in one sense 
merely stages in the development of the others. 

Various suggestions as to the explanation of this inhibition have 
been made. In Hydroides the injury to the large operculum pro- 
duces activity on both sides of the body, bringing about the 
immediate growth of the rudimentary into a functional operculum 
and astart in the same direction to form a rudimentary operculum 
on the side of the injury. The functional operculum is reached 
only on the side with the earlier start, the presence of the one 
functional operculum restraining the possible development of 
another functional one. This view is supported by the result 
obtained when the head of Hydroides is removed. In this case, 
as also in a part of the cases in which the two opercula are 
removed without injury to the body proper, a functional opercu- 
lum is developed on each side of the head though the size of each 
is usually reduced. In such a case the two opercula get an equal 
start and neither one is able fully to restrict the development of 
the other. 

The cases of similar chelae in the adult Alpheus and Homarus 
may be explained in a similar way by coincident development. 
Under the ordinary conditions of removal of both chelae the ad- 
vantage of greater blood-supply and probably other features lies 
oa the side of the stouter snapping or crushing chela. Therefore 
reversal does not occur in such cases. When, however, there is 
a secondary advantage of just the proper strength occurring to 
the side of the former smaller chela two equal chelae may develop. 
The probability of this explanation is strengthened by the fact 
that in those cases in which two equal snapping or crushing chelae 
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were obtained by Wilson (’03) and Emmel (’08) there was an addi- 
tional factor, difference in time of removal of the two chelae, in- 
jury of the nerves of the chelae or the removal of the walking leg 
or legs on the side of the former more slender chela (see Stockard 
’10, discussed below). 

Wilson has suggested that the reversal may be under nervous 
control and he made a study of it in Alpheus by cutting the nerves 
going to the chelae. His results, as he himself recognized, are, 
however, not conclusive, since other influences, such as disturbed 
blood-supply, are not eliminated. Wilson also suggests that the 
snapping chela may develop always on the side of the body which 
has the greater amount of material to start with and which there- 
fore has the greater body of nutrition directed to it. Stockard 
has tested this hypothesis as applied to the whole group of append- 
ages on the two sides, by removing the walking appendages on 
the side of the cutting chela in the case in which the snapping 
chela is removed. The operation leaves the greater mass of ap- 
pendage ‘material on the side of the chela removed. Neverthe- 
less, practically all of the Alphei showed reversal as in cases 
without removal of walking appendages. Variations of these 
experiments showed the same negative result. The removal 
or non-removal of other appendages on either side has no proved 
relation to the phenomena of reversal. It should however be 
said that Stockard’s experiments do not test the essential point 
of the hypothesis of difference in amount of material or effective 
mechanism for growth in the form of blood-supply, etc., between 
the stumps of the two chelae themselves. The walking legs may 
not be directly concerned in the difference of activities of the two 
sides at the first chela level and the hypothesis of difference of 
materials at the first chela level be unaffected thereby. Further- 
more, if there be a correlation between these different levels, is 
it proper to assume, as Stockard has done, that the smaller amount 
of nutritive activity will be on the side regenerating other append- 
ages. As a matter of fact, the opposite assumption is indicated 
by some experiments (Zeleny ’09), and Stockard’s experiments 
themselves, as far as they show any difference in results between 
the two cases, point in the same direction (Stockard ’10). 
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ASYMMETRY IN YOUNG INDIVIDUALS 


The adult asymmetry of Hydroides is preceded by a symmet- 
rical stage. With the development of a functional operculum 
the first asymmetrical phase is assumed, followed in turn by a 
normal reversal in position and a change in structure to the adult 
type. One or more additional reversals may then take place. 
It was shown that these reversals occur in nature and furthermore 
it is probable that they may come periodically without being pre- 
ceded by any definite injury to the functional operculum other 
than the wear of ordinary use. 

The free-swimming larva of Hydroides, after attachment to a 
solid object, secretes a tube around its body and develops bran- 
chiae on its head. There is a definite stage in which.the branchiae 
are all alike and symmetrically arranged with respect to the 
median line (fig. 2). Additions to these branchiae take place at 
the lower edge of each lateral group. At a stage slightly older 
than the one shown in fig. 2 the young serpulid closely resembles 
in its branchial characters an adult of the genus Protula (Fritz 
Miiller ’64). There is no trace of an opercular modification 1a 
any of the branchiae. 

The branchia next to the dorsal one on the left side then be- 
gins to form a terminal cup with a single row of serrations (figs. 3 
and 4). The branchial filaments are still present and the respir- 
atory function is evideatly still retained along with the new tube- 
plug function. The opercular branchia at this stage may be 
compared with the functional operculum of adults of the genus 
Apomatus, in which also the opercular enlargement is on a stalk 
bearing branchial filaments though the enlargement itself is dif- 
ferent in structure. Apomatus has in addition a rudimentary 
operculum of the same type as the functional, 7.e., borne on the 
end of a branchia which retains its respiratory filaments (fig. 6, 
A, B,C, D,). It is important to note that the operculum in Hy- 
droides first appears on the left side of the body while in adults 
it is sometimes on the right and sometimes on the left. 

During the following period the branchial filaments disappear 
from the opercular stalk and at the same time the corresponding 
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Fig. 2 Young Hydroides dianthus with six branchiae (individual C, no. 2780). 
The most dorsal pair has not yet developed its pinnules. The levels of the cuts 
made in the operation are indicated by C. 

Fig. 3 Hydroides dianthus, age 34 days; stage with four pairs of branchiae. 
The next to the dorsal one on each side is shown in full. The left one shows the 
beginning of the knob of the functional operculum. The right one drops off later 
and the first rudimentary operculum is developed from its stump. 
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branchia of the opposite side drops off, the break appearing at 
the base of its stalk. In its place a bud-like rudimentary oper- 
culum is developed (fig. 5). There is then on the left side a func- 
tional operculum with a naked stalk and a terminal cup’ bearing 
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Fig. 4 Hydroides dianthus, age 26 to 28 days but further advanced than the in- 
dividual shown in fig. 3. Stage with four pairs of branchiae. Figure shows the 
three most dorsal pairs. The ventral pair is directed away from the observer 
and is not shown. The opercular knob of the left side is notched and its stalk 
still retains the respiratory pinnules. The branchia next to the dorsal one of the 
right side has eight pinnules but differs from the other branchiae, except the oper- 
cular one, in the absence of new pinnule buds. A, level of cut in individual A, 
(no. 2778); B, level of cut in individual B, (no. 2779); Ba, regenerating functional 
operculum one day after operation in individual B. 


a single row of serrations, and on the right side a rudimentary 
operculum. The characteristics are those found in the adults 
of the genus Serpula except for the fact that in Serpula the func- 
tional operculum may be either right or left (fig. 6, £). 
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After a period of activity in this stage lasting several days the 
functional operculum drops off. The loss is accompanied by the 
development of the rudimentary operculum into a functional 
operculum not like the one that had been lost but more compli- 
cated in structure, with two distinct and qualitatively different 


X 


Fig. 5 Hydroidesdianthus. Dorsal view (X 38). Onthe left side is functional 
operculum of Serpula type with naked stalk and one row of serrations. On right 
side is rudimentary bud developed from the base of the cast-off second branchia 
of that side. 


rows of serrations. This operculum is similar to that of the adult 
Hydroides. In place of the operculum that had dropped off a 
rudimentary operculum is developed. The condition is now like 
that of the adult except that some adults have the functional oper- 
culum on the left and others on the right. It is therefore neces- 
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sary to assume further reversal or reversals of position during 
later development and perhaps throughout adult life. 

The original asymmetry is apparently always of the same na- 
ture, 2.e., the functional operculum always develops on the left 


A 


Fig. 6 A, B, C, D, Apomatus ampullifera. Adult. A, dorsal view showing 
functional and rudimentary opercula and branchiae. Pinnules not represented 
(X 5): B, tip of non-operculate branchia (x 17). C, tip of rudimentary operculum 
(X 17): D, tip of functional operculum (X 17): £#, distal portion of functional oper- 
culum of Serpula vermicularis (xX 19). 


side and from a particular branchia. Adult individuals differ 
in character because some have had an odd and some an even 
number of reversals. 
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EXPERIMENTS ON ASYMMETRY IN YOUNG INDIVIDUALS 


The first functional operculum appears before the first rudi- 
mentary (fig. 4). During the stage in which the opercular stalk 
retains its branchial filaments there is as yet no modification of the 
branchia of the opposite side. It ends in a point just like that of 
other branchiae. Buds of new pinnules are however absent 
(figs. 3 and 4). There is at this time no perfected mechanism for 
reversal as in the aduit. The removal of the functional opercu- 
lum, or at an earlier stage the removal of the end of the branchia 
which later develops the opercular enlargement, was accomplished 
in several individuals (figs. 2and 4). Ia only a few of them, how- 
ever, was the operation clean cut and‘the further history of the 
experiment followed. 

The character of the material did not allow experimenting with 
narcotization. It was therefore necessary to keep watch of the 
young animals under a binocular microscope, holding a needle 
knife blade above the opening of the tube. With exceptional 
good fortune it was possible to remove the terminal cup ofthe 
operculum in a few instances without seriously injuring the rest 
of the animal, though in most cases the neighboring branchia of 
the same side was also injured. 

There was no reversal of opercula, though interesting develop- 
ments followed. In place of the removed functional operculum 
a new one like the one removed was developed. There was no 
loss of the old stalk, the regeneration taking place directly at the 
cut surface (fig. 4, Ba). It might have been expected that, in 
case regeneration occurred, the new operculum would at once 
grow out as one of the Hydroides type as found after the first 
natural reversal. This, however, did not occur. The regenerated 
structure therefore repeats the stage of the removed structure 
and does not pass on to the next ontogenetic stage (fig. 7, A). 

The effect upon the branchia of the opposite side is also inter- 
esting. The terminal part of the branchia develops a small 
knob, approaching in character a rudiméntary operculum of this 
species but formed from a group of cells which in normal growth 
never develop opercular enlargements, but are, in fact, lost when 
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this branchia drops off to make place for the rudimentary oper- 
culum developing in its place (fig. 7, B, C). A branchia with a 
small knob-like rudimentary operculum at its end is thus formed. 
This condition is never found in normal development in this 
species but is a normal feature of the adults of the genus Apomatus 
which have also functional opercula with stalks bearing branchial 
filaments (fie. 6:4, B,C 1D): 


B 
q E 
), 


Fig. 7 A, regenerated functional operculum of Serpula type. Individual A 
(no. 2778), on August 3rd. B, branchia next to the dorsal one of right side as modi- 
fied, following operation on the corresponding branchia of the left side. Indi- 
vidual A, (no. 2778) July 31. C, enlarged tip of B. D, rudimentary operculum on 
left side of individual A as developed after the functional operculum of the Serpula 
type had dropped off, August 14. E, functional operculum of Hydroides type as 
developed on the right side of individual A after the functional operculum of the 
Serpula type on the left side had dropped off, August 14. 


G 


It might have been expected that the removal of the functional 
cup would accelerate the breaking off of the corresponding 
branchia of the other side of the body and be followed by the 
development of a normal rudimentary operculum. As a matter 
of fact, the acceleration of opercular development is found, but 
in a way entirely different from the normal. <A group of cells at 
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the tip of a branchia is stimulated to develop. This condition, 
however, lasts only a short time. The branchia with its termi- 
nal enlargement breaks off as does the corresponding one in nor- 
mal development and a rudimentary operculum grows out in its 
place. While this is taking place the stalk of the regenerated 
functional operculum loses its filaments and the resultant condi- 
tion is like that of the Serpula stage of normal ontogeny (fig. 5). 


Outline of typical individual experiments 
Individual A. (No. 2778) 


July 1—1909. Egg fertilized. 
July 27. Condition of opercula (fig. 4). 

Left side. Second branchia has opercular enlargement. Res- 
piratory pinnules still present. 

Right side. No opercular modifications, Hach branchia ends 
in a long tapering filament. 

Operation. Distal half of second left (opercular) branchia 
and distal third of first left branchia removed (fig. 4, level A). 
Pub OL: 

Left side. Removed parts are regenerated. The new oper- 
culum resembles the removed one. 

Right side. The next to the dorsal (second) branchia has devel- 
oped a small ovoid enlargement at its end (fig. 7, B, C). The 
whole branchia now resembles a rudimentary operculum of the 
kind found in adults of the genus Apomatus (fig. 6, A, C). 
August 3. 

Left side. The new opercular stalk has lost its respiratory 
pinnules. The terminal cup retains a single circle of serrations 
(fig. 7, A). The structure resembles an adult operculum of the 
genus Serpula (fig. 5). 

Right side. The next to the dorsal (second) branchia with its 
small terminal enlargement has dropped off and a rudimentary 
operculum has developed in its place (fig. 5). 

August 7. 

Left side. Functional operculum of Serpula type (fig. 5). 

Right side. The former rudimentary operculum is going for- 
ward in its development to a functional operculum with two rows 
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of serrations (.e., of the Hydroides type). The new operculum 
is about half developed. 
August 14. 

Left side. The functional operculum of the Serpula type has 
dropped off and a rudimentary operculum has developed in its 
place (fig. 7, D). 

Right side. ‘The functional operculum of the Hydroides type 
is fully developed (fig. 7, B). 


Individual B. (No. 2779) 


July 1. Egg fertilized. 
July 28. Condition of opercula as in no. 2778 on July 27. 

Operation. 'The opercular enlargement at the end of the bran- 
chial operculum was removed (fig. 4, level B). 

July 29. ; 

Left side. Removed opercular cup is regenerating (fig. 4, Ba). 
August 3. 

Left side. A functional operculum of the Serpula type is fully 
developed. The respiratory pinnules have already disappeared 
(fie = 5)c 

Right side. The next to the dorsal (second) branchia has 
dropped off and a rudimentary one has developed in its place (fig. 
5). 

August 7. 

Left side. Functional operculum of Serpula type. 

Right side. The rudimentary operculum has developed into a 
half-grown operculum of the Hydroides type. 

August 14. 
Left side. Rudimentary operculum (7, D). 
Right side. Functional operculum of Hydroides type (7, £). 


Individual C. (No. 2780) 


July 1. Eggs fertilized. 
July 28. 

Condition of opercula and branchiae. Three pairs of branchiae 
are present. The most dorsal pair has not yet developed its 
pinnules. There is no sign of opercular enlargement (fig. 2). 
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July 29. 

Operation. The distal half of the left second or future opercu- 
lar branchia and the tip of the left third branchia were removed 
as shown in fig. 2. 

August 3. 

Left side. From the branchia next to the dorsal one a functional 
operculum of the Serpula type has developed. The stalk has al- 
ready lost its pinnules (fig. 5). 

Right side. Rudimentary operculum (fig. 5). 

August 7. 

Left side. Rudimentary operculum. 

Right side. Functional operculum of Hydroides type, one- 
half developed. 

August 14. 

Left side. Rudimentary operculum (fig. 7, D). 

Right side. Functional operculum of Hydroides type. Not 
fully developed as yet (fig. 7, Z). 

The experiments thus answer the three questions proposed at 
the beginning of the paper. 

1. Is there a reversal of opercula as a final result of removal of 
the first functional operculum before any rudimentary opercular 
structure has been formed? The experiment shows that there 
is no reversal of opercula. A new functional operculum develops 
in place of the removed one, and on the opposite side of the body 
the final result is a rudimentary operculum like the normal one. 
Before this final condition there is, however, the interposition, 
as a result of the operation, of a new kind of opercular modifi- 
cation, namely, a rudimentary opercular enlargement at the end 
of abranchia. The enlargement is formed from cells which do not 
normally produce an operculum. ‘The formation of the struc- 
ture is directly stimulated by the operation. It has, however, 
no permanent result, the operculum thus formed in no way pre- 
venting the dropping off of the branchia. 

2. Is the removal of the first functional operculum followed by 
the regeneration of a structure of the same type as the one removed 
or does the later or adult type develop at once? It is shown that 
the new structure is like the one removed. It does not skip to 
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the next succeeding stage. At this step, as probably at other 
steps in the ontogenetic process, removal is followed by a repeti- 
tion of the part removed. The stages need not follow in a defi- 
nite prescribed order. A stage may be repeated when the neces- 
sary stimulus is given. In normal ontogeny the first functional 
operculum has a period of existence as such which ends by its 
breaking off near the base. In its place a rudimentary operculum 
is developed, an operculum which is a preliminary stage in a new 
functional, the second of the Hydroides type, which develops only 
after a long period of latency. If, however, the first operculum 
be lost early in its life, there is no skipping of the later phases 
leading up to a normal loss, but the first stages are repeated and 
an operculum like the one removed results. 

3. . Is the removal of the first functional operculum followed by 
regeneration, first as a branchia which only later develops the 
opercular enlargement or is the opercular modification developed 
directly? The opercular modification is developed directly. An 
enlargement at the cut surface of the stalk is evident very soon 
after the operation. There is no trace of the development, first, 
of a pointed end like that of the original branchia, but opercular 
growth proceeds directly at the regenerating surface. There 
seems thus to be no repetition of the ontogenetic branchial stage 
at this regeneration (fig. 4, Ba). 

The observations and experiments on young Hydroides con- 
tribute the following data on the factors controlling asymmetry 
of the animals. 

1. The animal is originally symmetrical and the appearance of 
the asymmetrical structure, always on the left side, can not be 
due to the preponderance of nutrition on one side as a result of 
a larger amount of material on that side. There is further no indi- 
cation that the original asymmetry is due to the character of the 
tubes or the nature of their curvature. 

2. The removal of a functional operculum is not necessarily 
followed by the development of a rudimentary operculum on the 
same side. The larger mass of material. following the removal, 
was on the opposite side of the body. Nevertheless, the func- 
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tional operculum developed: from the cut surface. A small 
opercular knob at the end of the branchia of the opposite side 
was, however, developed as a result of the operation. 

3. The. result of the operation was an animal with the same 
symmetry as a normal individual. 


SUMMARY 


1. The removal of the first operculum of Hydroides dianthus 
in its early stages before the development of a rudimentary oper- 
culum is followed: 

A. By the regeneration of a new functional operculum of the 
same type as the one removed. There is no reversal of opercula 
such as occurs in the adult. 

B. (1). The-branchia occupying the position of the future 
rudimentary operculum and which in normal development shows 
no opercular modification develops an opercular enlargement at 
its end as a result of the operation. 

(2). The opercular enlargement is developed from cells which 
in normal development do not form an operculum. 

(3). The enlargement is of the rudimentary type such as is 
found in adults of the genus Apomatus. 

2. The regenerated functional operculum is like the one re- 
moved. Regeneration does not go directly to the next succeeding 
or Hydroides type of the operculum. On the other hand neither 
is there a repetition of the preceding stage, the opercular enlarge- 
ment appearing directly without the interposition of a branchial 
tip, later to be modified into an opercular structure. 

3. The results point to the conclusion that reversal of opercula 
in the adult is dependent upon the presence of a specialized struc- 
ture, the rudimentary operculum, capable of developing rapidly 
into a functional operculum. In the absence of such a special 
structure the regenerating tissue on the old functional operculum 
side retains its supremacy, getting an earlier start and inhibiting 
the development of a similar structure on the opposite side. The 
injury to the functional operculum does, however, initiate an 
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opercular modification in the branchia which stands in the posi- 
tion of the future radimentary operculum. This process, how- 
ever, is not sufficiently rapid to gain the upper hand and cause the 
development of a functional operculum. 
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ANATOMICAL ILLUSTRATION BEFORE VESALIUS! 


WILLIAM A. LOCY 


From the Department of Zoology, Northwestern University 


TWENTY-THREE FIGURES 


The study of anatomical illustrations before Vesalius is not 
chiefly of antiquarian interest. It brings under consideration 
a momentous period of intellectual development when the scien- 
tific spirit was awakening and struggling for better expression. 
The examination of the human documents containing the early 
attempts at pictorial representation of the results of observation, 
have a peculiar interest for those who are still engaged in observ- 
ing and recording results by the graphic method. Moreover, 
the consideration of these crude sketches reveals to us the con- 
ditions under which scientific men worked, the mental habit 
of the period, the educational practice in science and the degree 
to which accurate observation in anatomy prevailed. Nothing 
else shows more definitely the state of anatomical knowledge 
of the time, that which is covered and rendered ambiguous in 
the text stands exposed in the sketches—these graphic indices 
show the degree of fidelity to nature of the observer and his mental 
bias in the matter of interpretation. 


1The notable interest of Professor Whitman in the historical phases of his 
science makes it appropriate that one of his students should offer in his memory 
a study of anatomical illustration before Vesalius—a study in the awakening of 
the scientific spirit. | 

Doctor Whitman was a pioneer in the United States in inaugurating university 
instruction in the history of comparative anatomy and of generation (see the Clark 
University Register for 1890). It is with pleasurable reminiscences that the 
writer acknowledges the influence of Dr. Whitman in the development of his men- 
tal interests. The friendly as well as the preceptorial relations with this leader 
of biological thought were a source of stimulus, especially as regards the philo- 
sophical outlook on nature, and the growth of a disposition to view current bio- 
logical thought and attainment in the light of its historical development. 
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The pursuit of science from the historical standpoint has 
appealed only to a limited number, and there is needed at present 
a sympathetic recognition by scientific men, in general, that this 
affords a worthy field of research. This conception is being pro- 
moted by the relatively new movement in European universi- 
ties, that has resulted in the appointment of professors of the 
history of medicine and natural science, to the establishment 
of periodicals devoted to researches in the same field and to the 
- foundation in Leipzig of an Institut fiir Geschichte der Medizin. 
All this, and the growing disposition to provide a historical 
background for courses in biological study, is a sign that there is 
to be a widening of the field of biological research. It is to be 
hoped that the time is near when this line of study will be a recog- 
nized division of biological research, running parallel with other 
forms of biological investigation, and pursued as a research sub- 
ject by examination of the original sources. 

The attempts at pictorial representations of anatomy began 
before the invention of printing, as is shown in the pen, crayon 
and chalk drawings of anatomical subjects found in the medical 
manuscripts stored in the libraries at Berlin, Paris, Oxford, 
Munich and other places. <A rich series of these manuscript 
anatomical sketches has been brought to light by Karl Sudhoff 
and his collaborators, and reproduced by photographic methods 
in the Studien zur Geschichte der Medizin and in the Archiv 
fiir Geschichte der Medizin. These resurrected manuscript 
sketches have thrown a flood of light on the sources of early ana- 
tomical illustrations. A genetic connection has been established 
between some of them and the earliest printed anatomical figures. 

The question arises in connection with the early printed illus- 
trations: Are these sketches crude representations of actual 
dissections, or are they based upon earlier traditional diagrams? 
They are in reality mixed as to the source. Many of the earliest 
printed anatomical figures that were thought to be original are 
traceable to manuscript sketches that were based upon reading 
of the anatomical descriptions of the Arabian and of the classical 
authors. Other printed illustrations based partly on observa- 
tion show departures from the traditional schemes. ‘There is, 
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however, even in the improved sketches, a mixture of observa- 
tion and tradition, with a stronger inclination to preserve the 
traditional than to let go of it and depend on observation. 

The date at which sketches of anatomical subjects were first used 
is uncertain. There is a tradition that Aristotle employed anatomi- 
cal plates in his teaching, but no remnants of thera are known. 
There are known, however, manuscript illustrations of anatomy 
dating back to the twelfth century, and furthermore, some of the 
manuscript sketches of the early part of the fourteenth century 
have a recognized genetic connection with the earliest printed 
illustrations of anatomy. For example, Sudhoff has recently 
published copies of the diagrams used by De Mondeville, about 
1304, to illustrate his lectures at Montpellier, and the connection 
between these pictures and those published by Peyligk in 1499, 
and by Hundt in 1501 is undoubted. There are other known 
correlations between manuscript sketches and early printed 
figures that will be mentioned later in connection with a consider- 
ation of the printed sketches. 

The earliest printed illustrations of anatomy occur in the Fas- 
ciculus Medicine of Ketham of 1491, and, from that time to the 
publication of the Fabrica of Vesalius in 1548, there are about 
one hundred different anatomical cuts. Some of these pictures 
are duplicated in different treatises so that the enumeration of 
figures in the different printed books would exceed this number. 
This statement does not include the seven hundred to eight 
hundred anatomical sketches of Leonardo da Vinei, none of which 
were published until much later. In addition to the printed 
books of the period there were anatomical plates printed and 
sold separately. To this latter group belong the figure of the 
skeleton by Richard Helain, printed in Niirnberg in 1493, and 
its modification, by Griininger of 1497, the anatomical plates of 
John Schott of 1517, the plates of Vesalius of 1538, ete. 

The pictures of this period are little known to anatomists, 
accordingly it is the printed illustrations of anatomy from 1491 
to 15438 that are to be brought under consideration in this paper. 
The writer has had for personal examination the printed books 
containing the pictures referred to with one or two exceptions 
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that will be noted below. The subject of manuscript illustra- 
tions is not attempted, since very few of these have been avail- 
able, and the references to manuscript sketches are drawn chiefly 
from the publications of Sudhoff. 

In reviewing the old anatomical treatises, points of biblio- 
graphical interest emerge, and comparison of the texts brings out 
some features of interest to scholars. No attempt has been made 
however to embrace bibliographical notes and textual compari- 
son. The boundaries of the paper are limited to a consideration 
of the character and quality of the earliest illustrations of anatomy 
with the further aim to determine to what extent these are based 
on observation, and to add some comments on the conditions or 
the time as they affected the development of observation in 
science. The pictures are not comprehensive enough in their 
range to show all the anatomy of the period, but they are signifi- 
cant in showing the spirit of the time, the dependence on descrip- 
tions and the lack of a positive anatomy based on observation. 

Sources. The printed books published before 1548, that con- 
tain anatomical figures are medical treatises, anatomical texts 
and surgeries. I have had for examination, chiefly in the Surgeon 
General’s Library at Washington and the John Crearer Library 
at Chicago, the primary sources named below. The books are 
designated by date and abbreviated title only, since the full titles 
are often long and cumbersome. 

I have examined thirteen copies of the anatomical treatise of 
Mundinus, Anatome omnium humani corporis interlorum mem- 
brorum. Of these, seven were published separately and six were 
incorporated with other writings in the Fasciculus Medicine of 
Ketham. The collection embraced: two copies of the Melerstat 
edition of Mundinus, published in Leipzig about 1495, 39 leaves, 
4°, with one illustration; and one copy each of the editions of G. 
Lincium, Venice, 1494, 22 leaves, no illustrations; F. Picium, 
Freiburg, 1507, 23 leaves, no illustrations; J. Adelphus, Strass- 
burg, 15138, 40 leaves, figure of the zodiacal signs as related to 
regions of the body and a rough sketch of the heart; the large 
annotated edition of Berengarius, Bologna, 1521, 528 leaves 
(1056 pages), 21 woodcuts and the extensively illustrated edition 
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of J. Dryander, Marburg, 1541, 70 leaves, 45 woodcuts, one re- 
peated, and two on one plate. These books are all of quarto 
size. In addition I have had six copies of the Incipit Anatomia 
Mundini in the editions of Ketham mentioned below. 

Six editions of Ketham’s Fasciculus Medicine (or Medicine) 
came under observation, all of folio size; Venice, 1495, Latin 
edition; Venice, 1500, Italian; Venice, 1500, Latin; Milan, 1509, 
Italian; Venice, 1522, Latin; Venice, 1522, Italian. All these 
contain woodcuts to be mentioned below. 

The plate of the skeleton by Richard Helain, Paris and Nirn- 
berg, 1498, 53 em. high, from the library of Dr. Mortimer Frank 
of Chicago. 

J. Peyligk, Philosophie Naturalis Compendium, containing 
the Compendiosa. capitis physici declaratio, which is the illus- 
trated part, Leipzig, 1499, folio, frontispiece and thirteen separate 
anatomical illustrations in the text. 

Magnus Hundt, Antropologium de hominis dignitate natura 
et proprietatibus, Leipzig, 1501, 4°, 120 leaves, 19 figures, one 
being repeated. Two copies of this rare book came under obser- 
vation, one in the Surgeon General’s library and the other in the 
library of Dr. Mortimer Frank of Chicago. 

Phryesen (Fries, Frisen, ete.), Spiegel der Artzney, three copies, 
the Strassburg edition of 1519, folio, Dutch, 4 figures; Strassburg, 
1529, German, 141 leaves, one picture in addition to the illumi- 
nated title page, and the same, Strassburg, 1532. 

Berengarius (Carpus), his Commentaries on Mundinus (men- 
tioned above) Bologna, 1521, 4°, 528 leaves and 21 woodcuts. 
Three editions of his Isogogee Breves: Bologna, 1523, 4°, 80 leaves, 
23 figures; a small pocket edition, 1530, 132 leaves, with 24 very 
crude, small woodcuts copied from the edition of 1523; Venice, 
1535, 4°, 63 leaves, 19 cuts. 

Petrus d’Abano, Conciliator differentiarum philosophorum, 
1526, containing the first printed pictures of the abdominal mus- 
cles copied from the edition of 1496. 

Leonardo da Vinci, I Manosceritti di Leonardo da Vinci della 
Reale Biblioteca di Windsor, ete., Paris, 1898, 1901, etc.; ten 
of the twenty-four volumes contain anatomical sketches and 
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notes, 223 plates and upwards of 750 figures, with an introduction 
by Duval. These anatomical illustrations, executed about 1510, 
are in all particulars the most notable contribution to anatomy 
before Vesalius. 

J. Dryander, Anatomia Mundini, and other old writers, Mar- 
burg, 1541, 70 leaves and 44 illustrations. 

W. H. Ryff, Anotomi (very long title), 1541, woodcuts. 

For collateral reading the treatises of Choulant, Chievitz, 
Hopf, Hyrtl, Roth, Pagel, Sudhoff, Toply, Weindler and Wieger 
have been of especial service. In Wieger are found photographic 
reproductions of visceral dissections from Reisch’s Margarita 
philosophiea, 1503 and 1504, forming a link in the development of 
anatomical sketches. JI am greatly indebted to the contributions 
of Sudhoff for general enlightenment, for knowledge of the manu- 
script sources and for an illustrated account of Brunschwig’s 
Anatomy in his Chirurgie, 1497. 

Mundinus. (Mondino, ete.; the Romanized form of his name 
is used here because his book was chiefly printed in Latin.) The 
anatomy of Mundinus (Anatome omnium humani corporis inte- 
riorum membrorum, De omnibus humani corporis interioribus 
membris anatomia, Incipit Anathomia Mundini, etc.), although 
not the first treatise on anatomy to be illustrated, is the natural 
starting point for a consideration of pre-Vesalian anatomy. 
Appearing, in manuscript, in 1316, it was the first professional 
treatise on anatomy after more than eleven centuries of Galen. 
On account of the extensive use in medical schools it forms the 
genetic link between the ancient anatomy and that of the renais- 
sance period. It was the forerunner of the anatomical treatises 
that appeared before the epoch-making book of Vesalius. 

Mundinus, on account of the influence of his teaching and of 
his treatise, looms large in the background of historical anatomy. 
He helped to overcome the opposition to dissection and he is 
usually credited with having brought the practice into general 
recognition. Although he was a pioneer in the restoration of 
anatomy, his way had been prepared by others. De Mondeville 
as early as 13804 had been illustrating his lectures on anatomy at 
Montpellier; the Senate of Venice had decreed in 1308 that a 
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body should be dissected annually; William of Salicit, Richardus 
and others had dissected before Mundinus. 

The purpose of his book was to simplify the teaching of anatomy 
and it was designed primarily for his students. (As he says: 
‘“‘proposui meis scholaribus in Medicina quoddam opus com- 
ponere.’’) It was so highly esteemed that it had a general use for 
upwards of two centuries and often was used as an introduction to 
Galen or in connection with his anatomical writings. It came to 
be prescribed by legislation as the required textbook of anatomy 
in Italy. Before the invention of printing it was copied and exten- 
sively circulated among medical students. Mundinus was a 
great favorite with the students who came under his instruction. 
He seems to have been a man of engaging personality gifted with 
powers of clear exposition. His book is well arranged and terse 
in description. Although he states that prior to its composition 
he had dissected three human bodies, it is too much to say that 
it was an original treatise based on personal observation. He 
merely brings into systematic form the teachings of Galen with 
some modifications of his own. Roth and others have pointed 
out that in his compilation he did not make use of a pure text 
of Galen in the Greek, but, on the contrary, employed impure 
Latin and Arabic translations. He does not succeed in over- 
coming the influence of tradition and of dialectic compilation. 
With Galen he enumerates five lobes in the liver and perpetuates 
other errors that observation on the human body should have 
corrected. His book is also burdened with the terminology 
of the foreign texts; the stomach, for illustration, is designated 
the myrach, the peritoneum as the cyphach (siphac), the omentum 
as zirbus, the mesentery as eurachus, ete., etc. The key to the 
influence of the book of Mundinus is not its originality but its 
wide circulation; it 1s conspicuously lacking in evidences of inde- 
pendent observation. 

The book was first printed in small folio form in Padua, in 1478, 
and, between that date and 1580, when the last edition was 
published, not less than twenty-five editions are known. These 
are usually annotated and commonly in quarto form. The thir- 
teen editions of Mundinus examined, excepting those in Ketam, 
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Fig. 1 From the Melerstat edition of Mundinus, Leipzig, 1493 
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vary from an edition of 22 quarto leaves to the extensive edition 
of Berengarius, of 1521, containing 40 commentaries and 586 
leaves. The 21 illustrations in the last mentioned will be con- 
sidered under Berengarius. 

The only edition to be mentioned at present is that of Dr. 
Melerstat, printed in Leipzig about 1493-95. The book was 
published without date or indication of place. The copy in the 
Surgeon General’s library at Washington has a note saying 
that it was published, probably in Leipzig about 1498. It has 
39 leaves, including the title page, with a letterpress of 32 x 6 
inches. This was the first edition to be printed with a woodcut 
which is shown reduced in fig. 1. The original is 32 x 83 inches. 
It represents a teacher of anatomy seated and reading from a 
textbook, while, in front, his demonstrator is engaged with a 
visceral dissection. The sketch of the viscera is highly diagram- 
matic. On the table is seen the large curved knife like that ex- 
hibited in the pictures of surgical instruments of the period. 
This picture shows the method of teaching anatomy at that 
time. Often the reading was done without any subject before 
the hearers, at other times dogs and other animals were used 
for demonstration, and, on rare occasions, a human body was 
dissected in public anatomies. This picture is a type of many 
others found both in manuscripts and in early printed books. 
Sometimes in these pictures students are shown grouped around 
the dissecting table, but the teacher is always seated and reading 
from a text. The academic dress is a feature of them all and 
affords an index to the costume worn by teachers and students 
at different schools and at different periods of time. For several 
similar pictures see Choulant, Chievitz, ete. 

Ketham. (Johannis de Ketaz, etc.) The Fasciculus Medicine 
(also Medicine) of J. de Ketham is believed to be the first printed 
medical treatise to be illustrated. The first edition printed in 
Venice in 1491 contained six woodcuts and the subsequent edi- 
tions contain usually nine or ten. Prepared under various editors, 
there are several editions but they are similar as to text and 
illustrations. The book is of folio size and is a collection of 
medical writings embracing sections on the means of recognizing 
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diseases by the various colors of the urine; the practice of vene- 
section and blood letting; comments on surgery; the figure of 
female anatomy, showing a foetus in the uterus; advice regarding 
diseases and, in 1493 and thereafter, the anatomy of Mundinus. 

Only two of the illustrations can be classed as anatomical, that 
showing the location of the viscera in the female (fig. 2), and pre- 
paration for opening the body cavity, first introduced in 1493, 
in connection with the Incipit Anathomia Mundini. The other 
illustrations show: the circle of 21 urine glasses, with circles 
indicating the four temperaments; the signs of the zodiac as 
related to parts of the body, as in the figures in the old almanacs; 
the points on the body for blood letting; a sick man on a couch; 
the wounded man, showing cuts, impact of clubs, ete. The draw- 
ings were made by Petrus de Montagnana. 

Fig. 2, reduced from the edition of 1491, gives a fair conception 
of the quality of the pictures. This figure is borrowed from 
Wieger, since I have not had the edition of 1491 for examination, 
but have examined the corresponding figure in various editions 
beginning with that of 1495. The sketch shows in outline the 
position of the viscera; the uterus is represented as opened and 
containing a foetus. In 1493 the drawing of the female figure 
was modified by observations, and after that date the illustra- 
tion bears the inscription ‘Tratta dal Natura.’ 

A very interesting connection between the printed copies of 
this book and its manuscript sources has been brought to lhght 
by Sudhoff. He found about 1907, in the Bibliothéque Nation- 
ale at Paris, a neatly written Latin manuscript of quarto size, 
and 54 leaves, which belongs to about the vear 1400. In this 
manuscript is a complete series of the Ketham pictures of 1491, 
and much of the Ketham text. After folio 45 in this manuscript 
is an anonymous treatise that agrees substantially with the 
Fasciculus Medicine of 1491. The text and figures of the Paris 
manuscript are not assembled as in the Ketham of 1491, but the 
text is in places identical, and the printed figures are evidently 
copies of the manuscript sketches. The way in which this col- 
lection of writings came to bear the name of Ketham is a matter 
of conjecture. Sudhoff thinks likely that there was a Johannis 
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Fig. 2. From Ketam’s Fasciculus Medicine, Venice, 1491 (after Wieger) 
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Fig. 3 The skeleton of R. Helain, Niirnberg, 1493 (after Wieger) 


ANATOMICAL ILLUSTRATION 957 


de Ketham, who, about a century before 1491, assembled the 
drawings and text, and, that when printed for the first time they 
bore his name, but of this we have no certain knowledge. This 
whole collection is. probably derived from earlier manuscript 
sources in French, German and Italian. 

Prior to the publication of Ketham, there was printed in 1485, 
in De proprietatibus rerum of Barthalomaeus Anglicus, a wood- 
cut of some anatomical interest. Standing in front of a walled 
garden is the figure of a man with the abdominal cavity opened 
and a very diagrammatic representation of the viscera. Within 
the garden the figure of Eve is appearing before the Lord from 
the side of the sleeping Adam. 

R. Helain. Anatomical figures on separate plates were pub- 
lished as early as 1493, the first one to appear being a representa- 
tion of the skeleton. It is probable that plates of this kind were 
exposed in barber shops and bath establishemnts, and that they 
were also purchased by medical practitioners and by the curious 
of the general public. <A cut of the earliest known picture of this 
kind is shown in fig. 3, which is copied from Wieger, although I 
have since seen a copy of the original in the library of Dr. Morti- 
mer Frank of Chicago. It is attributed to a Paris physician, 
Richard Helain, and was printed in Niirnberg in 1498. Whether 
or not it was also printed in Paris is not known. The original 
plate was 53cm. high. It seems to have been drawn from a partly 
dried specimen and the drawing is in many particulars fantastic. 
Among the curious features are, the dark abdominal portion, the 
expanded pelvis, the divided lower jaw and numerous teeth (17 
on the lower jaw), the bones of the feet and the ‘os laude’ of the 
skull. This ‘os laude’ or ‘os capitale relaude’ is an apochryphal 
bone, and its designation will puzzle those acquainted with classi- 
eal Latin not a little. We might expect it to be os laudis but in 
the corrupted Latin of the period the termination e is commonly 
used for ae and we conclude that it is ‘os laudae.’ 

This anatomical plate is referred to by Hyrtl, Wieger, and others 
as the work of Ricardus Hela. There is probably a mistake in 
the name, since Sudhoff, by a careful search of the records of the 
Paris physicians of this time, was not able to find the name of 
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Hela, but instead found that of Richard Helain. The plate 
should probably be attributed to him. ‘This picture formed the 
basis for a modification by the publisher Griininger in 1496-97 
(fig. 4) which was printed in Brunschwig’s Chirurgie, in 1497, 
and in various other texts. The picture (fig. 4)is however taken 
from Phryesen’s Spiegel der Artzney, 1519. 

The earlier manuscripts show a considerable number of sketches 
of skeletons, some of which resemble the drawing of Helain. 
(See Sudhoff, Studien zur Geschichte der Medizin, Hft. 4.) 

Petrus @Abano. In the Coneiliator differentiarum philoso- 
phorum of Petrus d’Abano there appeared in 1496 the first printed 
illustration of the abdominal muscles. This is shown, consider- 
ably reduced, in fig. 5, which is taken from a reproduction of the 
woodeut by Sudhoff in its original dimensions (52 x 6% inches). 
I have had for examination the 1526 edition of the Conciliator in 
which the same figure occurs, slightly modified and reduced in 
size. In that edition, in the 199th differentia, on page 231, is 
a description of the eight abdominal muscles. The picture is 
evidently made with the help of a dissection. There were earlier 
editions of the Coneiliator in 1472, 1476, 1483 and 1491, but there 
is no picture in any of these; the first illustrations occur in the 
third Venetian edition of 1496. There is also a manuscript 
edition of the Conciliator near the beginning of the 14th century 
that speaks of eight abdominal muscles from Greek and Arabian 
sources. 

Sudhoff, in pointing out that the figure of 1496 was based on 
a dissection, locates that dissection in Bologna. He found a 
copy of Mundinus with a marginal pen drawing of these muscles 
by a student, dated Bologna, 1494. 

Brunschwig. In the interval between 1496 and the appearance 
of Peyligk’s illustrated treatise came the publication of Brun- 
schwig’s Chirurgie in 1497. A few pages of this is devoted to 
anatomy, and in it we find a picture of the Griininger skeleton 
(fig. 4), which was a modification of the Helain skeleton of 1493, 
and also a picture of the wounded man showing visceral anatomy. 
This picture is one of the series showing the dey elopment of illus- 
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Fig.4 The Griininger modification (1497) of the skeleton of Helain. Printed 
in Brunschwig’s Chirurgie, 1497, and in other later texts. This cut from Phryesen’s 
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First printed sketch of the abdominal muscles, from the Conciliator 
Differentiarum of 1496 (after Sudhoff) 
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trations of internal anatomy. It is reproduced by Sudhoff in 
the Archiv fiir Geschichte der Medizin, Bd. 1. 

Peyligk. In 1499 was published the Philosophie Naturalis 
of Johannes Peyligk which contains ten figures of separate organs 
of the body besides one large figure showing internal anatomy of 
head, thorax and abdomen. Peyligk’s book is the compilation 
of a jurist of Leipzig. It is a fine folio of 96 leaves, 83 x 112 inches, 
with the letterpress 42 x 8 inches. The last twelve pages are 
embraced under the title Compendiosa capitis physici declara- 
tio principalium humani corporis, etc., and it is this part alone that 
contains the anatomical illustrations. The frontispiece, which is 
printed on the reverse of the last page of the Philosophie Natur- 
alis, is shown reduced in fig. 6, the original being 33 x 72 inches. 
In this figure we see the three cavities (venters) of the body 
indicated; the upper (supremis), containing the animal mem- 
bers; the middle (medius), containing spiritual members and the 
lower (inferioris), containing the natural members. The head 
shows only the ventricles of the brain as conceived of at that time. 
The thoracic cavity has a diagram of the lungs, the heart, the 
trachea and the cesophagus. Below the diaphragm, which is 
indicated as an oblique line passing across the trunk, there is 
represented the stomach, the spleen, the intestines and the liver 
with two blood-vessels. The liver is represented with five lobes 
according to Galenie tradition, and the gall-bladder is shown as 
a pear-shaped vesicle on the liver. In addition to this large dia- 
eram of the organs in situ, the text is embellished with sketches 
of the separate organs. Fig. 7 shows a picture of the page con- 
taining the figure of the stomach, oesophagus and intestines. 
Fig. 8 shows the separate illustration of the heart; the manuscript 
notes in this copy are also to be seen. All these figures, mani- 
festly, are diagrams and not sketches from nature. Since they 
are the earliest printed illustrations of separate organs, it 1s an 
interesting matter to locate their source. Are they purely fan- 
ciful sketches based on descriptions of earlier writers? 

The source of Peyligk’s figures remained for a long time undeter- 
mined, and the assumption was generally made that they were 
schematic mental pictures, derived from reading the anatomical 
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descriptions of Arabian and classical writers, and transferred to 
paper. The sketches are certainly schematic and show the in- 
fluence of tradition but they were not produced by Peyligk. The | 
speculation of, Stockton-Hough that they came from an illustra- 
ted Mundinus of 1498 is unfounded. There is no known illus- 
trated Mundinus of 1498 and the suggestion is probably due to a 
confusion of the Mundinus text in Ketham’s Fasciculus of 1495. 
Several of the sketches are now traceable to the diagrams of Henri 
de Mondeville, and used by him about 1304 in illustrating his 
anatomical lectures at Montpellier. Pagel made known in 1889 
that de Mondeville had employed sketches and, in 1890, Nicaise 
reproduced the miniature sketches of entire figures showing inter- 
nal anatomy. He says that de Mondeville also made use of 
sketches of separate organs of which all trace had been lost. 
These separate sketches have now been unearthed and were 
published in 1908 by Weindler, and, in a separate article, by Sud- 
hoff. Those reproduced by Sudhoff embrace eighteen manu- 
script figures, nos. 1 to 7 found in the Royal Library at Berlin 
and nos. 8 to 18 in the Royal Library at Erfurt. The resemblance 
of some of the figures of Peyligk to these manuscript sketches 
of de Mondeville, leaves room for no reasonable doubt that the 
latter were the sources from which the Peyligk figures were drawn. 
It is uncertain how the pictures of de Mondeville originated. 
Sudhoff suggests that possibly de Mondeville began illustrating 
his earliest lectures at Montpellier by making diagrams of tradi- 
tional anatomical sketches. Of thiswehave no certain knowledge, 
but we have, at’ any rate, the sketches of separate organs of de 
Mondeville to add to his miniature pictures of entire anatomical 
figures that were previously known. 

Hundt. The next printed anatomical illustrations to come 
under notice are those of Magnus Hundt, a Leipzig anatomist. 
His Antropologium de hominis dignitate, ete., published in 1501, 
is a rare quarto of 120 leaves, with a letter-press 3+ x 5? inches. : 
It contains nineteen illustrations, one of which is printed twice. 
The sketch of the viscera in situ is shown in fig. 9. There is 
another large figure in the book (the one that is repeated) showing 
the ventricles and the general location of physiological function 
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Fig. 7 Part of page from Peyligk, showing sketch of stomach and intestines, 1499 


of the brain. The original of fig. 9 is 3$ x 54 inches. It is in 
some particulars more crude than the corresponding figure of 
Peyligk. In the thoracic cavity one sees the undivided lung, 
the heart, the trachea and the cesophagus. In the abdominal 
cavity is the large many-lobed liver with the gall bladder on its 
surface, the pouch-like stomach, the spleen, the loops of the intes- 
tine, and, pushed to one side, the kidneys, the bladder and the 
testes. The blood vessel connected with the liver is the ‘vena 
chilis’ and the blood vessels to the kidneys are the ‘venz emul- 
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Fig. 8 Sketch of the heart from Peyligk, 1499 


gentes.’ In the figure that I have photographed the iris of the 
eye is black, while in that reproduced by Sudhoff from the copy 
in the Leipzig library the iris of the right eye is indicated by a 
white circle. 

The book is provided with text-figures of separate organs 
copied from Peyligk’s treatise. The figures, however, are not 
printed from the same blocks; they are nearly identical but care- 
ful inspection will show slight differences in the lines. Fig. 10 
shows the sketch of the liver with a part of the text. It is the 
same as the corresponding figure in Peyligk but is not quite so 
carefully engraved. 
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Gregor Reisch. In the 1504 edition of Reisch’s Margarita Phil- 
osophica there is an illustration (see fig. 11) showing new details 
in internal anatomy of the thorax and abdomen. Although the 
anatomy is very crude it is an improvement over the correspond- 
ing figures of Peyligk and Hundt. The kidneys and bladder are 
represented in a more nearly normal position. The lungs are 


Fig.9 Visceral anatomy from Hundt’s Antropologium, 1501 


divided into lobes; the liver, stomach, spleen and intestines are 
still very untrue to nature. The nomenclature of the period is 
shown in the names attached to the organs, the lung, ‘pulmo,’ 
the heart, ‘cor,’ the liver, ‘epax,’ the kidney, ‘ren,’ the bladder, 
‘vesica,’ ete. In 1503 a similar picture had appeared in the edi- 
tion of the Margarita Philosophica from the printing house of 
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Fig. 10 Part of page from Hundt’s Antropologium, 1501 


John Schott. In this earlier picture the ureters are not shown, 
and the intestine is represented as connected with the bladder. 
I am indebted to Wieger’s treatise for the sketch of 1504, that 
appeared in the Margarita Philosophica published by Grieninger. 
This figure was reproduced in other texts and the original of this 
cut (fig. 11) is in Brunschwig’s Destillirbuch. 

Leonardo da Vinci. With Da Vinci we come to the one man 
who, before Vesalius, showed independence in observation and 
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Fig. 11 Visceral anatomy from Reisch’s Margarita Philosophica, 1504. This 
cut from Brunschwig’s Destillirbuch, 1512 (after Wieger) 


notable fidelity to nature in his sketches. Although the larger 
number of his anatomical drawings were made about 1510 they 
were not fully published until 1898 and 1901. They bear inter- 
nal evidence of having been made from actual dissections. It is 
well known that he became associated with Della Torre who 
projected a treatise on anatomy for which Leonardo was to supply 
the drawings. Nevertheless, Da Vinci had studied anatomy inde- 
pendently before his association with Della Torre, and he contin- 
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Fig. 12 Anatomical sketches from I Manoseritti di Leonardo da Vinci, 1510 (after 
the Paris facsimile edition) 
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ued to make dissections and anatomical sketches after the death 
of the latter in 1506. We may assume that his method was im- 
proved by intimate collaboration with a professional anatomist, 
but we must recognize that this extraordinary man was a master 
unto himself. The association with Della Torre was not merely 
that of an artist working under an anatomist who exposed the 
parts and required sketches made under his direction. It was 
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Fig. 13 Anatomical sketch by Leonardo da Vinci, 1510 


rather the codperation of two anatomists, one of whom was gifted 
with great powers of artistic delineation. Antonio de Beatis 
had it from Leonardo’s own lips, about 1510, that he had dis- 
sected not less than thirty human bodies, both male and female. 

Leonardo projected a comprehensive work on anatomy of 
which he speaks in his History of Painting, and also in his manu- 
script notes. The notes and drawings bear testimony that this 
treatise was not designed merely for artists but was to be, as well, 
a work for medical students and for the professional anatomist. 
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The working drawings and notes for this projected work are pre- 
served as a part of the manuscript collection in the Royal Library 
at Windsor Castle. They were published in Paris in 1898 as 
Foglio A of Leonardo’s Manoscritti. This sumptuous volume 
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Fig. 14 Anatomical sketch by Leonardo da Vinci, 1510 


contains 245 anatomical sketches, reproduced as fac-similes both 
as regards the sketches and the paper upon which they are drawn. 
The notes are translated into French. His other anatomical 
sketches, also in the library at Windsor Castle, were published 


raved! 


sien mene 
arate 


fom PR om Pore 


l Eola A 1 ee 


piel om ap yans | 0 


Spent 


3 
¥ hie Syewwed ena) é 


F 
; 


Yale wpaba 
Pe ver od 
fat ud 


Her hd mole 
vats s] id ates a wrrsiq Yt 


wet ntenle 


ots Dae enon 
ter arenes six 
=e allewpen | 


43 


WILLIAM A. LOCY 


Sif anes 
pst: i 


© 


saabid eat) 
hee (ane) “Byrr a 


ahd hd 
fat 
et} 


othe} Nn 
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in eight additional volumes in 1901. This does not include the 
volume on the anatomy of the horse. The range of the drawings 
is astonishing; the entire collection embraces more than 750 
separate sketches, some of them being several times repeated. 
The notes accompanying the sketches, always written from right 
to left, are, usually, descriptions of the figures, but, sometimes, 
are general reflections regarding the plan of his projected book. 
That he read anatomy is evident since he specifically corrects 
some misstatements of Mundinus. Leonardo placed great reli- 
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Fig. 16 Sketches of sections of the brain by Da Vinci, 1510. 


ance on good figures, declaring them to be essential to the under- 
standing of anatomy. Some of his delineations of muscles have 
been so frequently reproduced that they are well known, but it 
is not so generally known that he made deep dissections of all 
kinds including the viscera and the brain. 

The reproduction of a few of Leonardo’s sketches will serve 
to show their quality, and will at once reveal the fact that they 
are totally different from any other sketches of the period. These 
drawings are not made from anatomical descriptions, but from 
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Fig. 17 Plate of the skeleton published by J. Schott, 1517 (after Wieger) 


original observations. The drawings speak for themselves, ac- 
cordingly brief comments will suffice. 

Fig. 12 shows a page with four separate figures and manuscript 
notes. The heart and chief blood vessels of the thorax and abdo- 
men, and the sketches of the lungs are obviously made from actual 
dissections of the human body. 
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Fig. 18 Anatomical sketches from Phryesen’s Spiegel der Artzney, 1517. 
This cut from a Dutch edition of 1519 
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Fig. 19 Title page of the Commentaries on Mundinus by Berengarius, 1521 
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Fig. 20 Figure of the skeleton from the Isogoge Breves of Berengarius, 1523 


Fig. 21 Posterior view of the skeleton from the Commentaries on Mundinus 
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Fig 13 shows the chief blood vessels of the neck and the adja- 
cent region. 

Fig. 14 shows a deep dissection of the blood vessels of the 
thigh. | 

In fig. 15 we have a rather comprehensive dissection of the 
thorax and abdomen with the alimentary canal removed. The 
original of this figure is 1383 x 22 inches. 

A limited number of drawings can give no adequate concep- 
tion of Leonardo’s work in anatomy. His sketch of the stomach 
and intestine is a good drawing of the relative size and the normal 
arrangement of these viscera. In the delineation of muscles 
it is not merely the superficial layers that engage his attention, 
he shows details of the arrangement of the tendons on the toes 
and fingers, a number of cross-sections of the leg at different levels, 
the muscular architecture of the heart, etc. Among his many 
pictures of the bones, he correctly draws vertebre from various 
aspects, and the bones of the fore-arm in pronation as well as in 
other positions. He made sketches of the dissection of nerves. 
His figures on generation show uteri opened, with contained 
foetuses, and the placental connection. 

Before leaving his work, however, we should have one of his 
sketches of the brain as shown in fig. 16. Here one sees, on the 
left, a median sagittal section, and, on the right, a horizontal 
section. These sketches show fairly the extent to which the 
brain had been dissected up to the year 1510. 

Other contemporary or nearly contemporary artists, as Michael 
Angelo, Raphael, and Albrecht Diirer, made anatomical sketches, 
but not so comprehensive as those of Da Vinci, and the details 
regarding which it is not necessary to consider. 

Johannes Schott. In 1517 there appeared from the publishing 
house of John Schott at least two anatomical plates, one repre- 
senting a skeleton and the other a sketch of the internal anatomy 
of the body. The picture of the skeleton is shown in fig. 17. 
It is still very crude in its execution, but in some particulars is 
an improvement on the earlier printed figures. The skull is 
better drawn than in the plates of Helain and Griininger (figs. 
3 and 4), but it still shows the spurious ‘os laude, sive capitale.’ 
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There are other marked deficiencies as in the arm and wrist, 
where the carpal bones are enumerated as eight, but are not drawn, 
ete., etc. The sketch of the internal dissection was published in 
several texts as in the Phryesen of 1518 (see Chievitz, p. 90), 
1529, etc. Choulant reproduces a similar but not identical figure, 
also from Phryesen, the plate of which bears the date 1517. 

Phryesen. (Fries, Friesen, etc.) In 1518 there appeared in 
Strassburg the Spiegel der Artzney of Laurentius Phryesen, con- 
taining two plates. The one is a copy of the Griininger skeleton 
(see fig. 4), and the other a visceral anatomy, surrounded by six 
figures of the anatomy of the brain and one of the tongue. This 
cut appears in the different editions of Phryesen with some modi- 
fications. Fig. 18 shows a copy of this plate from a Dutch edi- 
tion of Phryesen dated Strassburg, 1519. The original woodcut 
is 54 x 72 inches. The edition of 1529 contains another picture 
of the visceral dissection,—the same as shown in Chievitz, fig. 
31,— that lacks the marginal sketches of the brain, and is also 
somewhat different in other details. The figures of the brain 
in the Spiegel der Artzney, except for those of Leonardo, are a 
new departure in anatomical illustrations. 

Jacobus Berengarius Carpensis (Carpus). Berengarius has 
often been heralded as the greatest anatomist between Mundinus 
and Vesalius, and, if we except Da Vinci, the assignment of this 
rank to him is perhaps justified. Whatever may be said of his 
alleged dissection of more than one hundred bodies, the illustra- 
tions of Berengarius are not original, nor are they based on good 
observation. They bear resemblance to sketches in the manu- 
scripts of the fourteenth century and to printed pictures in earlier 
publications, as the Conciliator differentiarum (1496), Margarita 
philosophica (1504), ete. As Has already been said, we find that 
all sketches of the period, with the sole exception of those of Da 
Vinci, show interrelationships with manuscript illustrations as 
well as with earlier printed figures. As Roth has pointed out, 
the anatomical writings of Berengarius are compilations without 
credit being given to the original sources, and there is inharmony 
between his text and the illustrations,—a circumstance that is, 
at times, adverted to by himself. It is altogether likely that the 
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cuts were inserted by his publisher from such pictures as were 
available. 

The first anatomical publication of Berengarius was an exten- 
sive series of commentaries on Mundinus. In this the text of 
Mundinus is printed in larger type, and the forty commentaries 
in smaller, but so extensive are the annotations that the book 
is brought up to a thick quarto volume of 1056 pages. This 
book, published at Bologna in 1521, is rare and a cut of the title 
page is shown in fig. 19. The size of the original is 42 x 7 inches; 
the border is red and the enclosed printing black. His commen- 
taries contain at times corrections to Mundinus, and show the 
results of some observations mixed with dialectic compilations 
from the earlier writers. In the 21 illustrations the dependence 
on tradition is very marked. 

He soon branched out for himself and wrote an introduction to 
anatomy, designated Isogoge breves, etc., which was first pub- 
lished in 1522 and followed by a modified edition in 1523 which 
is the only one well known. In addition to a copy of his commen- 
taries of 1521, I have had for examination three editions of the 
Isogoge breves; that of 1523, Bologna, 4°, 80 leaves with 23 wood- 
cuts; an edition of 1535, Venice, 4°, 63 leaves, 19 plates, and a 
small pocket edition (22 x 44 inches letter-press), dated 1530, and 
containing 24 figures. The illustrations are wretched copies of 
those of the edition of 1523, the increase in their number, by one, 
is owing to the separation of two figures that appear on one 
plate in the larger edition. This appears to have been a relatively 
_ cheap edition for students. 

More than one-half the illustrations of the commentaries are 
reproduced in the Isogogee of 1523 and new ones are added. 
Most of the plates in the edition. of 1523 are provided with an 
ornamental border, added to a double line boundary, while the 
plates of the commentaries of 1521, are limited by a single line 
border. Roth reproduces a full-size figure of the skeleton from 
the Isogogee of 1523, but his plate lacks the ornamental border. 

Fig. 20 is a representation of the skeleton from the Isogoge of 
1523 in which the ornamental border has been retained, but the 
marginal description, present in the original, has been cropped 
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off. This curious figure has 13 ribs, widely expanded pelvis and 
a spurious fissure in the frontal bone. 

The posterior view of the skeleton, shown in fig. 21, is taken 
from the commentaries of 1521. It has a single-line border and 
the marginal note has been retained. The basin-like pelvis 
appears more fantastic than in the preceding figure. The skull 
shows two spurious furrows on the parietal bones, the presence 
of which seem to have confused Berengarius. The two best illus- 
trations in Berengarius are those of the bones of the hand and of 
the foot. The close resemblance of these pictures to drawings 
of Leonardo da Vinci gives ground for the suspicion that they 
were In some way based upon his sketches. Although this is a 
mere conjecture, these two figures are on a different plane of 
accuracy from any other illustrations in the Isogoge breves. 

Dryander (also known as Johann Eichmann). This professor 
of anatomy at Marburg published, in 1537, an Anatomiae h. e. 
corporis humani dissectionis pars prior, etc., illustrated by 20 
plates that were based on dissections. I have not seen a copy 
of this work, but have examined his edition of Mundinus and 
other earlier writers, published in 1541, which contains most of 
these earlier figures, some new ones, and 18 figures copied from 
Berengarius. The copy at my disposal contains 45 figures, one 
plate of which is repeated. Some of Dryander’s illustrations are 
a considerable improvement on those of Berengarius. Fig. 22 
shows his sketch of the alimentary tube, the original woodcut 
being 44 x 6inches. The drawing of the caecum and the vermi- 
form appendix shows that it is based on observation, but the 
figure is not so good as that of Da Vinci of the corresponding 
parts. 

Walther Hermann Ryff. In 1541 appeared Ryff’s Anatomi with 
a very long and cumbersome title. This book, of which I have 
examined a copy in Dutch and one in German, was published after 
the first plates of Vesalius (1538) and before the appearance of 
the famous Fabrica (1543). It, with the Dryander mentioned 
above, lies on the border line of pre-Vesalian illustrations of anat- 
omy. One of Ryff’s illustrations of the arterial circulation, repro- 
duced in fig. 23, gives a fair idea of the appearance of his sketches. 
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Other anatomical illustrations of the pre-Vesalian period em- 
brace the very rare copper plates of Canano, showing bones and 
muscles of the arm. Choulant says that, prior to 1543, one book 
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Fig. 22 Anatomical sketch from Dryander’s edition of Mundinus, 1541 


of the work was published, containing 27 illustrations, but the 
work was never completed. Between 1536 and 1543 there were 
several plates of anatomical figures placed on the market. These 
so-called ‘Fliegende Blatter’ include the six Tabule anatomic 
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Fig. 23 Anatomical sketch from Ryff’s Anatomi, 1541 


of Vesalius that appeared in 1538 and were a forerunner of his 
great work of 15438. 

There were also during the period other anatomists of more 
than usual insight, as Achillini, whose anatomical treatises were 
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not illustrated, and, therefore, do not properly come under con- 
sideration here. 

Summary. The chief printed illustrations of anatomy before 
Vesalius may now be chronologically arranged, omitting different 
editions of the same work with slight modifications of the figures: 

1491. The arrangement of the viscera in the human female in 

Ketham’s Fasciculus Medicine. 

1493. The skeleton of Richard Helain. 

1493(?). A demonstration of visceral anatomy in the Meler- 

stat edition of Mundinus. 

1496. The abdominal muscles, in the Conciliator differen- 

tiarum. 

1497. Plate of the Griininger skeleton. 

1497. The wounded man with internal anatomy in Brun- 

schwig’s Chirurgie. 

1499. Anatomy of the three body cavities, together with fig- 

ures of the separate organs, in Peyligk’s Compendicsa. 

1501. Similar illustrations in Hundt’s Antropologium. 

1503-’04. Organs of the thorax and abdomen in Reisch’s 

Margarita Philosophica. 

1510 (?). Leonardo da Vinci, more than 750 sketches of human 

anatomy; not, however, published. 

1513. Mundinus, zodiacal signs and rough sketch of the heart. 

1517. Plates of visceral anatomy and of the skeleton published 

by Johann Schott. 

1518. Skeleton and visceral anatomy in Phryesen’s Spiegel 

der Artzney. 

1521, ’22-’23. Berengarius, commentaries on Mundinus and 

Isogogee breves. 

1536. Fliegende Blatter. 

1538. Six Tabule Anatomice of Vesalius. 

1537. Dryander, Anatomiae, corporis humani, etc. 

1541. Dryander, edition of Mundinus, with 45 illustrations. 

1541. Ryff, Anatomi. 
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The survey of these printed sketches of anatomy, covering a 
century-and-a-half before Vesalius, bringsinto noticethe relatively 
slow progress. While we remember that this is the period of 
the awakening of the scientific spirit, still, the drama of intel- 
lectual progress does not unfold as rapidly as we might expect. 
Why, after the revival of dissection under Mundinus, and why, 
especially, after the introduction of printing, was there not more 
rapid progress? Some seek to find an answer in the difficulty 
of getting material for dissection and others in the opposition of 
the church, but the thing that held anatomical science in check, 
was not so much the lack of opportunity to dissect as the mental 
habit of the time. The disposition to dissect was not especially 
strong. That internal hunger for the analysis of nature at first- 
hand was not of dominating insistence. The effects of tradition 
and of education had to be overcome, and the gradual assimila- 
tion of new methods and new ideas was necessarily slow. Those 
who would have done better under gifted and inspired leaders 
were perplexed and too closely bound by the mental habit of the 
time to map out and follow an independent course. Thus, the 
retarding influence was generic rather than specific. Independent 
spirits of great originality were rare then, as now, and it seems 
natural that the habit of imitation should have so long perpetu- 
ated anatomical sketches of poor quality. Da Vinci was the only 
man whose product exhibits great originality and independence. 
His anatomical work was on the plane of that of Vesalius but his 
sketches were not printed until long after. 

The practice of dissection by medical men was not so actively 
opposed by the church as is generally supposed. A superficial 
reading of the bull of Pope Boniface, de Sepultis, issued in 1300, 
has led to the statement that it was directed against the practice 
of dissecting for scientific purposes, but it was, in reality, a pro- 
scription of the practice of dismembering the bodies of dead 
Crusaders, in order that their bones might be more readily trans- 
ported home for burial in consecrated ground. 

The practice of plagiarism was widespread during this period. 
Publishers and authors engaged in it in a wholesale way; both 
sketches and text were commonly copied without credit being 
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given. The ethics of the rights of intellectual property were 
unrecognized. The earliest printed sketches were derived. from 
manuscript sources and, these, in turn, were based upon the tra- 
ditional anatomy, chiefly of Galen and his commentators. Now 
and then a touch of original observation was added to the tradi- 
tional figures but they were not perfected. _Dependenceon author- 
ity was still the deep-seated method of the intellectual life, 
and the rise of independent observation was slow. But, the better 
intellects were opposing it, and with all these limitations the light 
of the renaissance was breaking. Dependence on authority 
was giving way, and, finally, thanks to the work of his predecessors, 
Vesalius was able to establish a new method based on observation 
and reason. With the publication of his Fabrica in 1543, there 
was ushered in the era of good illustrations of anatomy. The 
prevailing mental habit of the time was now at least partly over- 
come and the era of independent observation was started. 
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MINIMAL SIZE REDUCTION IN PLANARIANS 
THROUGH SUCCESSIVE REGENERATIONS 


S. J. HOLMES 


It is a familiar fact that very small pieces of fresh water plan 
arians will regenerate and give rise to minute individuals closely 
resembling the original form. I have endeavored to ascertain 
how far reduction of size in Planaria maculata may be carried 
without causing a failure to give rise to a normal individual. 
With very small pieces of an adult planarian there is a large pro- 
portion of cut surface which produces an injurious effect and there 
are also various mechanical impediments to regeneration; these 
facts, combined with the specialized condition of much of the 
tissue, conspire to restrict the regenerative capacity of the parts. 
In order to eliminate somewhat these factors the device was re- 
sorted to of subjecting the animals to a number of successive 
divisions. A planarian was cut into fifteen or twenty pieces; 
when these had regenerated into small planarians they were 
again cut into several pieces. These regenerated into still smaller 
individuals which in turn were divided, the process being con- 
tinued until forms were reached which were so small that com- 
plete regenerations were no longer obtained. In this way, when 
the minimal size limit was approached, regeneration became very 
slow and many of the pieces lived for months without restora- 
tion of the missing parts. Asa general rule it may be said that 
the smaller the piece the more slowly the restorative processes 
take place. In this way the proportion of cut surface was reduced, 
the tissue kept in a more plastic condition, and the whole process 
of regeneration made easier. 

Eugene Schultz has studied the reduction in size of planarians 
from starvation. He found that planarians could be reduced in 
this way to one-tenth or one-twelfth of their original size. A 
study of the size of cells of various kinds showed that there was 
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little reduction in size either of the cells or their nuclei as a 
result of starvation; the diminution in the size of the body was 
produced mainly by their reduction in number. Various organs 
suffered unequally in this process. Organs of copulation, sex 
ducts and vitellaria were among the first to disappear, the eyes 
degenerated, and there was a marked reduction in the number of 
parenchyma cells. The muscle cells suffered little decrease and 
the number of muscle bands remained unaltered; there was little 
reduction in the nervous system. The male sex cells were among 
the least altered. Cells of the intestinal epithelium and the outer 
ectoderm, while reduced in number, were not reduced dispropor- 
tionally to the body as a whole. 

The study of small regenerated planarians was undertaken in 
order to ascertain how far the various organ systems would suffer 
on account of reduction in size and how far the results might be 
parallel with the effects of starvation. Through successive regen- 
erations it is possible to carry the reduction very much farther » 
than can be done by the withdrawal of food. While starvation 
may reduce the animal to one-tenth or one-twelfth its original 
size, by the method of successive regenerations it may be reduced 
to ;ooo OF yso0 its original size. Many of these very minute 
animals had practically the same form as the adult. Several 
specimens were sectioned and careful measurements were made 
of several kinds of cells and compared with measurements of 
corresponding cells of individuals of ordinary size. Ectoderm 
cells, parenchyma cells, cells of the intestinal epithelium were of 
the same size as in the larger worms. The muscle cells, while 
less in length, were nearly as thick as in the larger worms. The 
nuclei were also not reduced in size and therefore bore the usual 
relation to the size of the cells. The gonads, sex ducts, copula- 
tory apparatus and vitellaria could not be found. The muscu- 
lar system is well developed, the outer layers being present and 
only a little thinner than in normal individuals. The number of 
dorsoventral strands in a cross-section is not more than about 
one-fourth that of larger specimens and they contain fewer 
fibers. The alimentary canal has but a very few short branches. 
The cells are not shrunken as occurs in starved individuals and 
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cross sections of the diverticula appear much as in the larger 
worms except for the reduction in the number of cells. The size 
of the brain and the diameter of the nerve cords bear about the 
same ratio to the rest of the body as in large individuals. Ina 
few cases there was but one eye instead of two and this was not 
a median one as sometimes occurs in small individuals but was 
in the position of one of the lateral eyes. The eye is of normal 
size, in relation to other parts and it has essentially the usual 
structure, but there is a great reduction of the number of the 
retinal cells. 

The pharynx, which bears about the same relative proportion 
to the body as in larger planarians, is composed of the same epi- 
thelial and muscular layers. The relative proportion of the par- 
enchyma and digestive organs is little altered in the smaller indi- 
viduals. The relative thickness of the outer epithelium is how- 
ever much greater, since it is composed of but one layer of cells 
which have the same size in the large and the small planarians. 
Pigment cells occur sparsely scattered over the dorsal surface 
and appear of enormous size in relation to the rest of the body. 
On the whole, the small individuals are strikingly like the larger 
ones in general form and the relative proportions of the systems 
of organs. | | 

Observations were made on the movements and reactions of 
these minute forms. Methods of locomotion, exploring movements 
of the head, reactions to light and contact, responses to mechan- 
ical stimuli, righting movements, and various other activities, even 
down to the most delicate details, were carried out in practi- 
cally the same way as In individuals of normal size. These facts 
indicate how effectively the functional unity of the organism is 
maintained notwithstanding the enormous reduction in the num- 
ber of its cells. 

One factor which probably determines the mininal size which 
may be attained is the fact that the size of the cells cannot be 
reduced and there must be a certain number of kinds of cells to 
preserve the physiological unity of the organism. There must be 
nerve cells, muscle cells, parenchyma cells, epithelium, etc., if the 
planarian is to be a planarian. The work of the organism, like 
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that of a factory, can be performed on a large or a small scale, 
but as there are many functions to be discharged, and as one cell 
cannot do the work of another, a point naturally has to be reached 
somewhere when a further reduction of the number of cells brings 
operations to a standstill. Matters might work out, however, in 
a different way by effecting a general simplification of structure, 
such as occurs in the reduction of Hydra. This simplification of 
structure, which has been compared to a reversal of embryonic 
development, does not proceed in the planarian very far. The 
loss of sex ducts and associated organs is of doubtful significance, 
since these parts often atrophy at certain periods in adult indi- 
viduals. In attempting to carry reduction below a certain size 
the cut ends of the pieces heal over and there is little further 
change; the organism does not transform itself into a simple 
embryonic stage, and we cannot with safety speak of the reversal 
of developmental processes (if it be really such) beyond perhaps 
a few retrogressive steps. rs 


THE GEOTROPISM OF PARAMOECIUM 


EK. H. HARPER 


From the Zoological Laboratory, Northwestern University 
FIVE FIGURES 


Are there any free-swimming organisms which are oriented to 
gravity by means of the shape or contents of the body in the same 
way as the axis of orientation of certain eggs is determined by 
the difference of specific gravity of the opposite poles? The 
body of Paramoecium caudatum suggests the possibility of its 
being oriented to gravity by the difference in buoyancy of the 
two ends. The posterior end is broader and the anterior end 
indented by a deep groove. Is the body of Paramoecium ‘stern- 
heavy,’ and if so, does it account for the ordinary negative geo- 
tropism of the animal, the anterior end having a tendency nor- 
mally to point upward? Various explanations have been pro- 
pounded for the geotropism of Paramoecium, such as difference 
in water pressure at different depths, difference in pressure on 
the lower and upper surfaces and finally Lyon,! ascribes the 
geotropic response to the internal st muli of heavy particles, 
making the body of Paramoecium the analogue of the statocyst 
of higher forms. 

To test the writer’s hypothesis, it was thought it might be 
possible to increase the difference in specific gravity of the two 
ends by making the animals ingest heavy particles. These would 
at first lhe toward the posterior end near the mouth, making the 
body more ‘stern-heavy,’ and so possibly increasing the negative 
geotropic tendency. 


‘Lyon, E. P., 1905. On the theory of geotropism in Paramoecium: Amer. 
Journ. Physiol., vol. 14, pp. 421-482. 
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EXPERIMENTS WITH SUBSTANCES OF HIGHER SPECIFIC GRAVITY 


The experiments were carried out as follows: The water used 
was ordinary tap water boiled to drive away gases. <A control 
experiment was in all cases conducted side by side with the treated 
specimens. Ordinary test tubes were employed for the experi- 
ments. ‘Iron by alcohol’ was used, being ground up fine in an 
agate mortar. In order that the number of Paramoecia might 
be practically equal in the two test tubes, the water containing 
the animals was measured into equal portions. Large numbers 
were used in order to facilitate observation and comparison 
of aggregations. In the control test tube was placed a quantity 
of finely ground iron and after this had settled to the bottom, 
which occurs very quickly, the measured quantity of Paramoecia 
were introduced into the tube. The others were put in the agate 
mortar with finely divided iron and stirred for a definite time so 
as to keep the particles in suspension. In some cases the control 
animals were similarly stirred before placing them in the test 
tube in order that mechanical agitation should affect the results 
equally if at all, since this is known to change the reaction, some- 
times, to positive. 

The amount of iron ingested is readily observed with the micro- 
scope, and a short treatment may be sufficient to cause the inges- 
tion of a considerable quantity. They were allowed in different 
experiments to ingest the iron for intervals varying from fifteen 
seconds to five minutes before transferring to the test tube The 
control animals and the treated ones were placed in the tubes at 
practically the same time, so that there would be no difference 
in time interval to allow for in comparing the movements and 
aggregations of the animals in the two tubes. As a method of 
recording the observations, which were made with the naked eye 
and hand lens, the approximate distribution was indicated on a 
diagram. This could be made sufficiently accurate to indicate 
any decided difference that might be noted in the regions of 
greatest aggregation as well as the general distribution in the two 
tubes. 
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Many factors influence the movements of Paramoecia so that 
some cultures aggregate quickly at the top in a ring and others 
remain distributed, and in some cases move downward. The 
various unknown factors have been disregarded and comparisons 
made only to determine whether the treated specimens exhibited 
a stronger negative geotropic tendency than the ones not treated. 
The placing of iron filings in the control tube was to eliminate 
any possible chemotactic factor. Finely divided bismuth and 
nickel were also tried, but iron was found entirely satisfactory 
for the purpose of the experiment. 

One condition of the experiments is that the iron filings after 
a time become distributed through the endoplasm more evenly, 
so that any difference in behavior is to be looked for before this 
change occurs. A second condition is that an excessive amount of 
iron may overload the animals apparently and cause them to 
aggregate at the bottom. The Paramoecia rid themselves of 
the iron after the course of a few hours without apparently harm- 
ful effects from a small amount. 

One more precaution needs to be stated. The whole quantity 
of iron in the mortar must be removed with the Paramoecia, or 
a possible loss might occur of some individuals whose tendency 
was to remain on the bottom, or else the iron must be repeatedly 
rinsed to remove all of them. 

The experiments have been repeated so often that certain 
results appear as typical, and these will be reported just as 
recorded. 

Experiment 1 Control tube referred to as No. 1; treated indi- 
viduals as No. 2. Ingestion of iron for five minutes. 

Five minutes after the beginning of the experiment the distri- 
bution in the two tubes did not noticeably differ. 

In ten’ minutes there was about an equal collection gathered 
at the bottom of each tube. To observe the size of these aggre- 
gations better the tubes were slightly shaken. 

Twenty minutes later there was a large collection at the top 
of No. 2, very few at the top in No.1. Looking down from above 
gave the appearance shown in fig. la; fig. 1b gives a side view o 
the same. 
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In this experiment, on account of the long treatment, a con- 
siderable number had apparently taken on an overload of iron, 
which would account for the aggregation at the bottom of No. 2. 

In one hour and twenty minutes nearly all had collected at 
the bottom in both tubes, but a collection still remained at the 
top in No. 2, none in No. 1 (fig. 2) 

Experiment 2. Animals from the same culture, same day. 
Ingestion of iron for thirty to forty seconds. 

Fifteen minutes later, there was an aggregation in the bottom 
of No. 1, and afew scattered all the way up the tube In No. 2 
there was a slight aggregation at the bottom and a considerable 
collection above the middle of the tube. 

In twenty minutes the collection appeared as shown in fig. 3. 
The smaller number at the bottom of No. 2 was referable to the 
fact that less iron had been ingested than n the former experi- 
ment Notwithstanding the normal tendency to go downward, 
there was a decided tendency among the treated animals to go 
upward. 

Experiment 3. This is a sample of those experiments with 
cultures in which the normal tendency was to go upwards and 
form a more or less dense ring at the top of the tube. Ingestion 
of iron for one minute. In ten minutes a much denser ring was 
formed at the top of No. 2, and this inequality remained (fig. 4). 
The Paramoecia in No. 2 moved more slowly than in No. 1. 
When the test tubes were corked and inverted, no air being al- 
lowed to enter, there was the same collection at the top, but not 
ring formation. 

The interpretations of Experiment 3 might differ. The denser 
ring at the top of No. 2 might be explained as an entrapping of 
the animals in this region, resulting from their slower movements, 
on the principle by which Jennings explains aggregations due to 
chemical influences. At any rate the fact remains that the 
treated animals swarmed to the top more quickly and formed a 
denser ring there than in the control. These experiments are 
less crucial than those with animals having a normal tendency 
to go downward. 


THE GEOTROPISM OF PARAMOECIUM 997 


EFFECTS OF INGESTION OF SUBSTANCES HAVING A LOWER 
SPECIFIC GRAVITY 

Various substances were tried, but finally paraflinywas selected 
as best adapted for the purpose. Finely divided paraffin was 
obtained by melting and cooling in hot water several times till 
the paraffin was thoroughly washed. Then a small amount 
was melted in a flask of hot water and shaken and then suddenly 
cooled under the tap. The fine, suspended particles would soon 
rise to the top. For the control experiment paraffin in particles 
too large to be taken in was used. 

Experiment 4. Both Nos. 1 and 2 were shaken at the same 
time for several minutes and the tubes then allowed to stand. 
In No. 2 the animals at the end of fifteen minutes were aggre- 
gated densely at the bottom at rest. They remained so, under 
observation, for several hours. After twelve to twenty-four hours 
all would be found scattered through the tube. In the control 
no noticeable effect was produced by the paraffin. The dense 
ageregation at the bottom of No. 2 was obtained with cultures 
of the different types (fig. 5). 

The inference that the posterior end was buoyed up by the 
paraffin particles, so as to orient the animals downward, is the 
conclusion of the writer, for the present at least. * 


DISCUSSION OF RESULTS 


The above experiments seem to place the gravity orientations 
of Paramoecium on the same plane as the orientation of the axis 
of certain eggs by specific gravity. 

Lyon compares Paramoecium to a statocyst. It 1s not easy 
to see how an animal revolving continually on its axis could react 
to the localization of an internal stimulus. While such a stimu- 
lus might conceivably act effectively in an antero-posterior direc- 
tion, the explanation offered in this paper seems simpler, at least 
to the writer. 

Lyon centrifugated Paramoecia strongly into a tube ending in 
a capillary bore and found that the animals moved with the 
anterior end outward, and that certain heavier particles were 
driven into the anterior end. 
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The inference that the anterior end is heavier is contrary to 
what the shape of the body would indicate, unless the heavier 
particles are located anteriorly. The writer wishes to suggest 
as an explanation of Lyon’s experiment that in strong centrifu- 
gation the same effect is produced at the outset as by mechanical 
agitation, 1.e., the reaction changes to positive. Jensen? showed 
that with weak centrifugation the animals moved centripetally. 

It is conceivable that the pull of gravity on the heavier posterior 
end may produce a tipping effect which is able to orient passively 
but is too weak to stimulate. When, however, the centrifugal 
effect exceeds the pull of gravity and produces too sudden an 
orienting tendency, this may act as a stimulus to the animal to 
resist as in the ordinary rheotropic reaction against the current. 
When strongly centrifuged the animal takes a position so that 
it moves in the water just as the water moves past it in the 
rheotropic response. In other words, if it allowed itself to be 
oriented by the centrifugal force with the posterior end in advance, 
its relation to the water would be the reverse of what it is in the 
rheotropic response. The writer repeated Lyon’s centrifugation 
experiments and the explanation here given, namely, that 
the animal is able to react at the outset of centrifugation, seemed 
to him the ntost satisfactory explanation of the fact that all 
are found to move with the anterior end outward. 

So also in shaking, on account of the difference in buoyancy 
of the two ends, the heavier end will move more rapidly, and this 
may become effective as a stimulus, causing the movement down- 
ward. 

If the explanation here given hold, we have in the normal, 
quiet, geotropic reactions of Paramoecium an example of a purely 
mechanical tropism. The term tropism would be here applied 
to a passive orientation not involving the irritability. If it be 
desirable to use the term ‘tropism’ for such a kind of orientation, 


2Jensen, P. Ueber den Geotropismus niederer Organismen; Arch. f. d. ges- 
Physiol., Bd. 53, pp. 428-480. 
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it is evident that it forms a separate class from those that involve 
a change of irritability. When, however, a stronger force is 
substituted for gravity so as to produce a sudden orientation, 
the irritability is affected, and the animal reacts to the change. 
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THE FORMATION OF THE, SPERDEATOPHORE. EN 
ARENICOLA AND A THEORY OF THE ALTER- 
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LOCATION OF THE GONADS 


The gonads of the Arenicolidae are located on blood vessels 
which run diagonally across the surface of the nephridia. 

The typical somites of these worms are composed of five annuli, | 
one of which bears the setae. Three annuli are anterior andone 
posterior to this setigerous one. ‘There are six pairs of nephridia 
in Arenicola cristata, situated in the fifth to the tenth somites 
inclusive, a pair for each somite. Each nephridium consists of a 
funnel, body and bladder. The funnel has a sagittate dorsal 
lip set with ciliated plates and a lobed convex ventral lip; between 
the lips is the nephrostome. The body is club-shaped and con- 
nects, near its larger anterior end, with the funnel, at its posterior 
end with the bladder. The bladder is roughly spherical and opens 
to the exterior by a narrow tube through the nephridiopore. 

Each funnel is attached by the outside of the dorsal lip to the 
ventral surface of an oblique muscle, at some little distance from 
the attachment of the muscle to the body wall; so that the apex 
of the arrow-shaped funnel points downward and forward. The 
body of the nephridium passes up, back, and outward from its 
juncture with the funnel, to the bladder, which lies against the 
body wall close to the line of insertion of the oblique muscles to 
the sides. 

METHODS 


The ordinary method of pinning the animal out for dissection 
so pulls the nephridia that the shape, particularly of the delicate 
funnel, is distorted. The method followed has, therefore, been 
(1) to stupefy with 70 per cent alcohol, adding it rapidly, drop 
by drop, to just enough sea water, in a long dish, to cover the ani- 
mal. Stupefaction, with complete relaxation of the powerful 
muscles of the body wall ensues, in A. cristata, in from ten to thirty 
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minutes; in A. claparedii, in from three to eight minutes. (2) 
With a hypodermic syringe, sufficient preserving fluid is injected 
to distend the body; the whole worm is then immersed in the pre- 
servative. After hardening, the nephridia, when dissected out, 
have the shape and relations described above. 

Details of the methods of preservation will be reserved for a 
later paper in which the chromatin changes and other histological 
matters will receive attention. It will be sufficient now to state 
that testes preserved in strong Flemming, Bouin and vom Rath 
fixing fluids have given best results. The forming spermatophores 
have been studied in fresh body fluid, stained with methylen blue 
or neutral red; or in smear preparations killed by exposure to 
osmic acid fumes and fixed in Merkel or in vom Rath; or from 
sections prepared by squirting body fluid, freshly drawn, imme- 
diately into hot corrosive-acetic or Flemming, then hardening in 
alcohol in the usual way and sectioning in paraffin. Warm iron 
haematoxylin and Bordeaux red or saureviolett and fuchsin have 
been among the most successful stains. 

As the author has elsewhere published a description of the rela- 
tions of the blood vessels to the nephridia in the Arenicolidae, 
the following brief description will suffice here. Each nephridium 
of A. cristata is supplied with blood by a branch of the ventral 
blood vessel. This afferent vessel, on approaching thenephridium, 
branches to the setal sac and gill (if present), to the integumentary 
vessels, notably the dorsal-longitudinal, and to the nephridium. 
The branch to the nephridium enters the anterior angle of the 
sagittate funnel and after traversing it, passes on to the upper. 
surface of the body of the nephridium, which it crosses diagonally 
from the anterior inner to the posterior outer side. Peripherad 
to the nephridium, it joins the nephridial longitudinal vessel. 
From the point of emergence from the funnel on to the body of the 
nephridium to its juncture with the nephridial longitudinal ves- 
sel, the blood vessel is designated the gonadial vessel, since upon 
it the gonad is found. Gonadial tissue is also found, to a shght 
extent, upon the nephridial longitudinal just anterior to its attach- 
ment to the gonadial vessel (plate figs. 1-6). These figures show 
the location and relative size of the gonads in the several species. 
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They are taken from typical nephridia and are drawn to the 
same scale. In each case the individual selected was an aver- 
age sized worm and was taken at a time of the year, too, when 
the particular species was approaching the maximum of its breed- 
ing activity, so the gonad should have its maximum size. The 
extent of the gonad evidently varies greatly. It is confined to a 
relatively small area on the gonadial vessel in A. grubii and clap- 
aredii. Itismuch more extensive in A. cristata and about equally 
soin A. marina. The gonad achieves its greatest size in A. ecau- 
data. The relatively immense testes of this species are due to the 
fact that the sperm are retained within them until nearly mature 
while in the other species the spermatogonia are early discharged 
into the body fluid, there to undergo the major part of their devel- 
opment. The large bladders of the nephridia of A. grubil seem 
similarly due to the fact that they are used as storage rooms for 
the sexual products after their formation, while in A. cristata, 
marina and claparedii these are held in the general body cavity. 


LIMITS OF THE GONADS 


The gonad usually surrounds the blood vessel, It appeazs as 
a light yellow incrustation, varying in thickness with the season. 
As it decreases in size it occupies a more and more restricted area 
on the posterior portion of the gonadial vessel. Not infrequently 
the other blood vessels adjacent to the nephridia, the dorsal longi- 
tudinal, the nephridial longitudinal and the nephridial branch of the 
afferent, are covered with a similarly appearing incrustation, but 
on microscopic examination, the material is found to be chloro- 
gonous, never gonadial. Furthermore, the gonad is confined to 
the blood vessels of the second to the fifth nephridia, inclusive, in 
A. cristata. Over a hundred males have been carefully examined: 
in 6.2 per cent, one or both of the first nephridia had the gonadial 
vessel slightly to plainly coated with the yellowish incrustation; 
11.8 per cent of them had the gonadial vessel of the sixth nephrid- 
ium coated. Such nephridia have in all cases been removed and 
sectioned and with one possible exception, the sections show the 
incrustation to be chlorogonous. In a single instance the gonad- 
ial vessel of a sixth nephridium had upon it a few cells looking 
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like degenerating spermatogonia. As these worms were selected 
at intervals throughout the year so they would be representative, 
. we may safely conclude that the vessels of nephridia one and six 
never bear active gonads, while there is slight evidence that the 
gonadial vessel of the sixth nephridium bears a degenerating 
gonad. 

The limits of the gonads have not been as carefully studied in 
the other species of the Arenicolidae is in A. cristata. Yet I 
have exmained, macroscopically, several dozen specimens of each 
of the other species, claparedii, ecaudata, grubii and marina and 
have examined microscopically the blood vessels when any doubt 
could exist, with results confirmatory of the statements of pre- 
vious authors, notably Gamble and Ashworth, as follows: A. 
ecaudata has thirteen pairs of nephridia in setigerous segments 
5-17, A. marina six, in segments 4-9, A. grubii and A. claparedii 
each five pairs in segments 5-9. 

Presumably the Arenicolidae have evolved from a more gener- 
alized polychaete in which nephridia and gonads were segmentally 
repeated organs. Both organs have gradually been confined to 
a smaller and smaller region. This gradual reduction seems to be 
well illustrated within the group as indicated by the number and 
position of the nephridia given above. Moreover,according to 
Gamble and Ashworth, the first pair of nephridia of A. marina 
are frequently absent and the last pair occasionally. Lille 
remarks of the nephridia of A. cristata that ‘‘The two earliest 
formed pronephridia, those of somites rv and v, degenerate at a 
comparatively early period in the development. The remaining 
sIx pairs (in somites vi-x1, inclusive) are directly transformed 
into the definitive adult nephridia.”” Fauvel (99) states that 
the number of nephridia in A. ecaudata is only occasionally thir- 
teen; that twelve is the usual number, the last pair of nephridia 
being absent from his specimens. In the two hundred and more 
specimens of A. cristata examined I have found only three cases 
of variation in the number of nephridia. In two of these the 
first pair of nephridia was wanting; in the third only the funnel 
was present in the sixth right. JI have yet to find variation in 
the other species. 
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The gonads are more restricted than the nephridia. As noted 
above, the first gonadial vessel in A. cristata never bears gonads, 
the sixth rarely and then degenerating cells only. In the other 
species the first nephridium never has a gonad. Here then is a 
case in which the genital cells show an evolutionary character, the 
tendency to restriction, more emphatically than the somatic cells. 


GENERAL STATEMENT 


A section through the testis of any of the Arenicolidae shows, 
ordinarily, a mass of cells of two or three sizes (fig. 7-9): These 
are the spermatogonia of successive generations. The larger ones 
lie adjacent to the blood vessel. At the periphery of the gonad 
spherical bunches of spermatogonia or occasionally single ones 
are seen to be loosening from the general mass preparatory to dis- 
charge into the body fluid (except in A. claparedii). In this 
fluid the further divisions of the cells result in the formation of 
hollow spheres of spermatogonia (fig. 10), the last generation of 
which grow to spermatocytes. These, by the customary two 
divisions, become the spermatids (fig. 11) the cells still adherent 
in the spherical masses, which are meanwhile however altering 
their shape and becoming saucer-shaped, in A. cristata (fig. 12) 
slightly biconvex in the other species, except in A. claparedii, 
in which the successive divisions occur in the testis and the sperm 
are discharged into the body fluid. These sperm masses are the 
spermatophores, (fig. 13). The body fluid of A. cristata is loaded 
with these spermatophores (or with the eggs) except for a short 
time just after the discharge of the sex products, and in the other 
species, except claparedii, for weeks before the eggs are deposited. 
There are present, of course, other elements, body cells, chlora- 
gogue cells, ete., but the dominant objects are the eggs and the 
spermatophores. Finally the tails of the sperm are stiff and are 
aggregated into conical masses (fig. 12). 

Toward the close of the breeding season, I have found, both in 
A. cristata and A. claparedii, exceptionally large spermatogonia 
discharged singly from the gonad, in addition to the customary 
masses described above. These develop in a somewhat different 
and highly instructive manner, as will be described later. 
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BREEDING HABITS 


The breeding season at’ Woods Hole lasts, for A. cristata, from 
about the first of May until the end of August, attaining its max- 
imum during June. The cylindrical jelly strings containing the 
eggs are found in the shallow water over the littoral mud flats 
at low tide, one end attached at the burrow of the worm. The 
string lies on the bottom almost afloat. From field and labora- 
tory observations I conclude that the male lies adjacent to the 
female during the discharge of the eggs and simultaneously dis- 
charges the sperm through the nephridiopores. The following 
facts support the statement: (1) I have repeatedly captured 
both male and female at an egg string when the latter was just 
beginning to appear. That one frequently fails to find both 
animals is, I presume, due to the fact that they burrow with ex- 
treme rapidity. If the tail of an animal be exposed with one 
stroke of the digger it often disappears before the next stroke 
can be taken and only very hurried work makes capture possible. 
When two worms are at the same burrow the chances of getting 
both are not great. It is to be remembered also that it is neces- 
sary to capture the worms in order to determine the sex as there 
are no external differences. To determine the sex without killing 
the animals I have examined a small drop of the body fluid with- 
drawn from the body cavity by means of a hypodermic syringe. 
The presence of either eggs or sperm can usually be determined 
by the naked eye. (2) The discharge of eggs and sperm 
has been seen to occur through the nephridiopores in worms kept 
in pans in the laboratory. (3) I have been reasonably sure that 
male and female were codperating in the formation of the egg 
string in animals kept in aquaria in the laboratory. At best, 
however, the details of the process are obscure, since the animals, 
even when close to the glass, are pretty well covered with sand. 

The conspicuous egg strings make A. cristata the easiest species 
to locate when depositing the eggs. The other species probably 
lay the eggs in the sand and débris among which they live. The 
times of their sexual maturity are fairly well established. A cris- 
tata is found to mature at about the same time at Naples as at 
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Woods Hole, i.e., June to August (LoBianco). A. marina is cap- 
tured with mature eggs and sperm at Woods Hole in the early 
spring, April and May. It is found mature on the English coast 
in the spring (the laminarian variety) and summer (the littoral 
variety) according to Gamble and Ashworth. My specimens of 
sexually mature A. ecaudata were taken at Plymouth in April 
as also were specimens of A. grubil. The latter and A. claparedii 
I found mature at Naplesin May. Both of them have been found 
breeding much earlier there (LoBianco), A. claparedii beginning 
as early as November and continuing throughout the winter and 
spring. By using a haemocytometer I have estimated the num- 
ber of spermatophores per cc. of body fluid in a mature male at 
about forty million. Each spermatophore will average in the 
neighborhood of a thousand sperm. <A good sized male A. cris- 
tata will easily contain twenty-five or more ce. of body fluid, 
that is, a quadrillion sperm, ready to be discharged when fertil- 
ization is to be accomplished. 


DEGENERATION AND PHAGOCYTOSIS 


At the close of the breeding season the body cavity of the male 
contains very little sperm. In only 10 per cent of the September 
specimens of A. .eristata taken at Woods Hole was sperm present 
in any quantity In 60 per cent so little was presen t that it was 
impossible to determine the sex except by sectioning the gonads. 
During August and September the gonad is at its minimum size. 
This I have determined in two ways: First, by macroscopic 
examination. The gonad is apparent on the blood vessel even to 
the naked eye. Examination of the animals throughout the 
year, with record of cases in which the gonad is plainly evident on 
nephridia two to five, shows that in August and September the 
gonads show least frequently. They become plainer during the 
fall, achieve the maximum size from December to March and then 
gradually become smaller again. Second, the same results have 
been reached by making serial sections of nephridia for each month 
and making camera lucida drawings of the largest cross section 
of the gonad as compared with the blood vessel on which it lies. 
The third and fourth nephridia are used preferably for the com- 


THE SPERMATOPHORE IN ARENICOLA 1009 


parisons as they show the maximum gonad development. In 
September the blood vessel shows only a thin line of gonadial 
material in a very limited area. This grows rapidly from month 
to month until the gonad is of large size and is giving off spermat- 
ophores into the body cavity. Sections from the December and 
January worms show the maximum relative cross section of the 
gonad. It gradually decreases as its substance is given off into 
the body fluid as forming spermatophores during spring and early 
summer. During June the body cavity has its maximum of 
sperm. By the last of July and in August fibrous degeneration 
is evidently going on in the gonad (fig. 8-9), and the disintegrat- 
ing remnants of gonadial tissue are being ingested by abundant 
phagocytes (fig. 14). 

Though specimens of the other species have not been collected 
in such quantity as A. cristata throughout the year, yet enough 
of each has been seen to make quite certain that the description 
given will equally well apply to them, making allowance for the 
changed breeding period, always excepting A. ecaudata. 

By October the degenerative changes have ceased in A. cristata 
and multiplication of the gonad cells has begun again. A month 
before the gonad attains its maximum size the peripheral cells 
of the gonad are beginning to break away in small masses and 
float in the body fluid. The later development of these spermato- 
phores goes on in the body fluid. In October the margin of the 
gonad appears entire in section; in February and later the margin 
appears very ragged as the masses of gonad material are constantly 
discharging (compare figs. 7 and 8 and text figs. 1 and 2). 


EXTRA BLOOD VESSELS 


It will be seen then that the maximum size of the gonad does 
not coincide with the height of the breeding season. This is 
marked rather by the greatest abundance of the mature spermato- 
phores in the body fluid. In September the body fluid contains 
few or no sperm. By October they are appearing and steadily 
increase so that by November or December the fluid is crowded 
with the masses of developing sperm. An interesting develop- 
ment of the circulatory system goes on simultaneously with this 
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accumulation of growing spermatophores. During December 
the diagonal muscles in the region of the first nephridium espe- 
cially and to some extent in the second are apparently becoming 
‘hairy.’ This appearance is due to the numerous long, fine blood- 
vessels attached at one end to a large vessel, the other floating 
freely in the body fluid. Similar vessels have been noted before 


Text fig. 1. Outline of the testis of A. cristata in October. The gonadial 
material lies around the blood vessel. The dotted area corresponds to that 
shown in detail in fig. 7, pl. 2. 

Text fig. 2. Outline of the testis of A. cristata in February. The dotted 
area corresponds to that shown in fig. 8, pl. 2. 


in A. claparedii and A. grubii by Gamble and Ashworth (p. 518) 
with no suggestion as to their probable function. They seem 
evidently a device for the better aeration of the body fluidsand the 
elimination of its wastes while it is heavily loaded with the devel- 
oping spermatophores. They disappear in A. cristata: in early 
summer when the sperm are fully formed. 


THE SPERMATOPHORE IN ARENICOLA LOLI 
ORIGIN OF THE SPERMATOGONIA 


Lillie says of A. cristata: 


.The early germ cells in connection with each nephridium become dis- 
tinguishable soon after the appearance of the blood vessel of the latter 
and arise as a proliferation of the peritoneal cells of its walls. They 
appear first on the anterior and first formed portion of the vessel, i.e., 
in the region immediately adjoining the posterior angle of the funnel. 
The germ cells usually appear on their respective nephridia i in the order 
of formation of these organs, 1.e., in order from before back. 


This peritoneum out of which the germ cells differentiate is 
derived from large teloblastic nuclei located at the posterior por- 
tion of the embryo in the growing zone, which nuclei Lillie thinks 
are the homologues of the definite teloblast cells found in such 
forms as Clepsine and Lumbricus. They in turn are apparently 
direct descendants of 4d, one of the fourth quartette of blasto- 
meres derived from the macromeres at the sixth cleavage, as 
described by Child. 

I have endeavored, in Arenicola, to discover some constant 
characters in the germ cells, which, appearing also in certain of 
the peritoneal cells, would enable me to trace the germ cells back 
through successive generations to the derivatives of 4d. But in 
this I have had no success and we must conclude that, as far as 
optical characters are concerned, the germ cells are indistinguish- 
able by present methods from the other peritoneal cells. In 
other words, the differentiation of the germ cells is probably called 
forth by stimulation of adjacent cells due to progressive inherent 


changes. 
Such a differentiation of the germ cells from the peritoneum is 
common in the annelida. ‘‘ Die Bildungstétten der Geschlechts- 


producte gehéren bei den Ringwiirmern genetisch den epithelialen 
Wandungen des Céloms an und erscheinen in Folge diesen als 
directe Abkommlinge der Mesodermstreifen oder des secundaren 
Mesoderms.”’ (EK. Meyer, Studien itiber den K6rperbau der 
Anneliden, 11.) 


JOURNAL OF MORPHOLOGY, VOL. 22, NO. 4 
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Gamble and Ashworth state (’00, p. 31) in regard to A. marina 
that ‘‘In large Arenicola, at certain seasons, the vascular process 
has no gonad and it is possible, as Cuenot (91) suggests, that a 
formation of the amoeboid corpuscles of the coelom takes place 
at this point when the animal is not breeding.” If this be true, 
evidently the gonad cells must form anew, as a proliferation of the 
peritoneal cells in adult life as well as in the embryological develop- 
ment and the distinction of germ cells and soma would be hypo- 
thetical. If so, too, the annual appearance of the germ cells must 
be due to a cyclical change in the organism contemporaneous with 
or due to the seasonal change without. Of course this must be 
true of their rapid increase anyway. 

I have examined many specimens of A. cristata taken in Sep- 
tember in which the body cavity showed no sperm, sectioning 
nephridia on whose blood vessel naked eye examination showed 
no gonad, but have always found under the microscope some gona- 
dial tissue. So that I feel reasonably certain that in this species 
at least, after once the primitive spermatogonia appear in the 
embryological development, they do not disappear. 


STRUCTURE OF THE GONAD 


These first few germ cells, then, formed from the peritoneal 
cells, multiply with rapidity until the entire gonadial vessel is 
covered with a thick incrustation of them. Division of the 
peripheral cells now becomes more rapid, so rapid in fact that the 
daughter cells do not grow to the size of the parent cells before 
‘division again ensues. There thus result zones of cells diminish- 
ing in size to the periphery of the gonad where they are being dis- 
charged into the body fluid. The largest cells, those adjacent to 
the blood vessel, are about 12. in diameter in A. cristata (11.674 
the average of over one hundred cells). The next smaller size are 
9.364 in diameter, then 7.55u and the outermost 6.024. In A. 
claparedii and A. grubii the cells adjacent to the blood vessel are 
smaller, only about 10u in diameter. 

Such an ideal arrangement of the cells is never found through- 
out the gonad. At some points the largest sized cells will at times 
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delay division until well out toward the periphery. The inter- 
mediate sizes may be scattered, with no apparent order, through- 
out the organ. Not infrequently, cells of the third or even sec- 
ond generation reach the edge and are broken from the mass tc 
float in the body fluid separately or in larger or smaller groups. 
But frequently the typical arrangement described will hold for 
large regions of the gonad. ‘The peripheral cells tend to cohere 
into roughly spherical masses of from ten to fifty or so cells all in 
the same stage of division and these break away into the body 
-eavity. But smaller masses of cells may be detached, even single 
cells. In the body fluid division continues rapidly as will be 
described shortly. 


THE SPERMATOPHORE 
Formation 


The largest spermatogonia, immediate descendants of the peri- 
toneal cells, may be called the primary spermatogonia. During 
the year, except just before the height of the breeding season, 
these primary spermatogonia multiply, and after division, the 
daughter cells grow to the size of the parent cells except toward 
the periphery of the gonad. In the late fall and winter, in A. 
cristata collected at Woods Hole, the gonad is largely made of 
_ the primary spermatogonia; it presents quite a solid appearance. 
In the spring, however, division of these cells ensues so rapidly 
throughout the gonad, as it always does at the periphery, that 
the secondary spermatogonia do not have time to become as 
large as the primary ones before they divide in turn. Now the 
division of the cells derivative from a single primary spermato- 
gonium, after it starts on its course of rapid subdivision, seems 
always to be roughly synchronous. The gonad taken during the 
fall and winter presents a somewhat mottled appearance along 
the margin when sectioned and stained, due to the prominence 
of these masses of cells in division among the relatively inactive 
primary spermatogonia. In the spring this mottled appearance 
pervades the whole gonad, for here and there a primary spermato- 
gonium will start on its course of rapid subdivision, giving rise 
to two, then four, eight, etc., cells, which at first lie close together 
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as a solid mass, but later have a cavity at the center, the segmen- 
tation cavity. These forming spermatophores, for such they are, 
move to the periphery in order to break away into the coelomic 
fluid. So in spring and early summer the gonads have, when 
sectioned, a very ragged appearance. Deep bays and systems of 
lacunae run into the mass so that the spermatophores may be 
discharging not only at the periphery but are moving out from 
many spots in its interior (figs. 7 and 8). 

There is frequently protoplasmic material at the center of this 
early spermatophore. It is derived from the disintegration of - 
cells which, while the spermatophore is forming in the body of 
the gonad, come to assume a central position. Degeneration 
goes on as the cells move toward the margin of the gonad so that 
by the time the margin is reached little is left of the central cells. 
Occasionally strands of protoplasm run from some of the cells 
to a central point (fig. 15), suggesting a figure such as Calkins 
has shown for Lumbricus, as if the cell walls formed peripherally 
before they do centrally. This is an exceptional condition, how- 
ever, and I am confident that no such interpretation is to be put 
upon it in Arenicola. Figure 16 is much more usual. In the 
more mature spermatophores one can, by carefully tapping the 
cover glass, cause the spermatogonia to break away from the cen- 
tral portion, leaving it as a colorless sphere containing occasion- 
ally a few granules. This does not ordinarily stain, has slight 
consistency and seems like a drop of slightly viscid fluid. Not 
infrequently even this disappears and the spermatogonia break 
away without leaving any residual mass. The central cells are 
then absorbed very early and the central remnant is possibly 
excretory in its nature, the products of anabolism that have diffused 
into the cavity. 


Discharge of the forming spermatophore 


The cells are customarily discharged, as has been stated, from 
the surface of the testis into the body cavity in roughly spherical 
masses. The constituents measure about 6u in diameter in A. 
cristata. Three divisions at least follow and probably more, 
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since the cells are growing at the same time they are dividing in 
the nutritive body fluid. Finally, the last generation of spermato- 
gonia is formed, measuring about 2.9u. They transform into the 
spermatocytes of the first order, with a diameter of 3.24. These 
divide to form the spermatids with a diameter of about 2u. In 
A. claparedii and A. grubii the spermatids are somewhat larger, 
measuring some 2.4y in diameter; in the other species the cells 
vary very little in size from the measurements given for A. cristata. 


Analogy to blastulae 


There is thus formed a hollow sphere of cells, reminding one of 
the blastula of the segmenting egg (fig. 23). This likeness is 
even more emphatic when one follows the history of a single 
spermatogonium when freed from the surface of the testis. It 
will be recalled that as well as the spherical masses of several 
dozen cells, smaller masses, even individual cells, are discharged 
into the coelomic fluid, so that one finds in this fluid all stages in 
the formation of the spermatophore from the one-celled condi- 
tion up to the completed structure. Naturally the resulting 
spermatophores vary very decidedly in size according as they 
have origin in a single discharged spermatogonium or in a coherent 
mass of such cells. Measurement of the mature spermmasses 
gives a variation, their diameters ranging from one to eight. 

The single spermatogonium, floating freely in the coelomic fluid, 
divides into two, then four, eight, sixteen cells, etc., simulating in 
general appearance the cleavage of an egg. Further discussion 
of this matter will be taken up below when the division of certain 
giant spermatogonia is considered (figs. 17-25). 

During the process of cell multiplication the forming spermato- 
phore is constantly increasing in diameter. Since the cells form 
only a single layer, the smaller they become the thinner the wall 
of the sphere is and hence the larger it may be with a given amount 
of protoplasmic material. This protoplasmic material must also 
increase in amount during the spermatogonial divisions by appro- 
priation of nutritive material from the coelomic fluid, for the 
spheres increase in diameter more than the mere thinning of their 
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walls would account for. This is not true for the later stages, 
however, for with the formation of the spermatids a decrease in 
the size of the individual cells accompanies the transformation 
of the spermatids to the spermatozoa. 

Contemporaneously with the change of the spermatids to sper- 
matozoa, or even beginning when the cells are yet spermatocytes 
of the second order, a change in the shape of the mass of cells 
occurs. In A. cristata the spherical mass invaginates in a man- 
ner that forcibly suggests the invagination of some egg blastulae 
to form the gastrulae (fig. 24). The gastrula-like mass remains 
cup-shaped, the mouth wide open, the lips never approximating 
to suggest a closure of the blastopore. Usually before invagina- 
tion is complete, the cup begins to flatten out, becoming saucer- 
shaped, which is the form of the mature spermatophore in this 
species (fig. 25). 

This phenomenon is apparently merely analogous to the process 
of gastrulation in the egg. Presumably the physical relations 
between the cell mass and the surrounding medium happen to be 
such that invagination ensues with regularity in this one species. 
Body fluid freshly drawn by means of a hypodermic syringe shows 
these gastrula-like forms, as do also preparations made by fixing 
the coelomic fluid in a variety of fluids. In other species no such 
thing happens, but the spherical mass of cells merely flattens out ~ 
to form a biconvex spermatophore. There is however in the 
spermatogenesis of this group a phenomenon which is really 
homologous to the segmentation and gastrulation of the egg and 
which will be considered in the discussion of the giant spermato- 
gonia. 


The ripe spermatophore 


As the spermatids transform into spermatozoa the cells elon- 
gate, their long axes at right angles to the surface of the saucer- 
shaped or biconvex mass (fig. 25). The nuclei stain with increas- 
ing intensity. The tails of the sperm appear as stiff rods, finely 
attenuate, held rigidly at right angles to the head and gathered 
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together into one or several bundles (fig. 12). The head of the 
sperm is about 2yu in length, 1.22 in transverse diameter, while 
the tail is ten to twelve times as long as the head. 

When the coelomic fluid is drawn by means of a hypodermic 
syringe and placed in sea water, if the animal is not a perfectly 
‘ripe’ male, the spermatophores remain intact, the rigid tails per- 
haps moving slightly but stiffly. If, however, the sperm masses 
be quite mature, those in this condition will show movements, 
the immature ones remaining quiescent. The tails move at first 
stiffly through varying arcs, the point of attachment to the head 
as the center. The bundles of tails disentangle and all the tails 
come to lie at right angles to the surface of the spermatophore. 
Now vigorous movements of the tails ensue, stiffly at first; then 
the tails become supple and undulatory movements begin. The 
spermatophore now disintegrates and the sperm swim away. 
This process is much more rapid if eggs be also added to the sea 
water and more rapid still if some of the slime from the surface of 
the body of the female be put into the water. 


THE GIANT SPERMATOGONIA 


The fact has before been mentioned that toward the height of 
the breeding season the margin of the gonad bears exceptionally 
large spermatogonia which are discharged singly into the body 
cavity. The primary spermatogonia in A. cristata are usually 
about 11 to 12u in diameter. But these giant spermatogonia 
achieve a diameter of some 17, before they are freed from the sur- 
face of the gonad to undergo their farther development in the coe- 
lomic fluid. During July and August they appear in the gonads 
of A. cristata at Woods Hole. Similar cells were found in the 
gonads of A. claparedii collected at Naples the last of May and 
in A. grubii taken at Plymouth in August. At this time the mar- 
gin of the gonad is very ragged, and fibrous degeneration with 
phagocytosis is going on in the parts adjacent to the blood 
vessels (fig. 8). 
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SPERMATOGONIAL MACROMERES 


The giant spermatogonium contains a very large nucleus and 
a prominent nucleolus (fig. 17). When shed into the body fluid 
the cell undergoes an interesting development. It divides un- 
equally, producing one large and one small cell, (fig. 18). The 
small cell next divides, giving a three-cell stage. Unequal divi- 
sion of the large cell then occurs, producing a four-cell stage seen 
in polar view in fig. 19. It is so evident that these early stages 
in the division of the giant spermatogonia are at least roughly 
similar to the cleavage stages of the egg in Arenicola that we may 
modify the nomenclature of the latter to describe clearly the for- 
mer. Just the order of cleavage of the four cells I have been 
unable to determine except that the three small cells divide be- 
fore the large one, differing in this respect from the division of the 
egg blastomeres. When all have divided we have an eight-cell 
stage consisting of four large cells, the spermatogonial macro- 
meres, and four small cells, the spermatogonial micromeres. 
The position of the cells (figs. 20, 21), shows that the third divi- 
sion has evidently been a dexiotropic one as it is in the egg cleav- 
age. Up to the sixteen-cell stage it is reasonably certain (and 
I think for at least one additional cleavage) that the cell lineage 
of these giant spermatogonia is homologous to that of the egg. 
Spermatogonial blastulae and gastrulae form much as in egg 
development. The figure of the sixteen-cell stage, (fig. 22) 
as indeed all these figures of the cleavage of the giant spermato- 
gonia, are camera lucida drawings done with exceptional care, 
under a one-sixth inch objective and a one-half inch ocular at the 
level of the table. It is needless to multiply sketches as they 
would simply be duplicates of the admirable figures already given 
by Child for the cleavage stages of the egg. 

Shortly after the sixteen-cell stage the macromeres disappear 
from the surface and migrate into the segmentation cavity. If 
one slightly crush the spermatophores in the body fluid under a 
cover glass, the great majority will show the blastophore exuding 
from the center of the spherical masses, yet a few will show four 
to six rather large cells which escape from the cavity. This is 
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especially true at the height of the breeding season. Spermato- 
phores containing such cells are produced, I take it, from the 
spermatogonia that are liberated singly from the gonad, notably 
the giant spermatogonia. The large cells are the macromeres 
and possibly some of the first quartette—in other words, the hom- 
ologues of the mesentomeres. The spermatophores consisting of 
a hundred or so cells never show such differences, all giving under 
pressure, the same so-called blastophore, apparently a drop of 
fluid, perhaps enclosed in a very delicate sheath, the fluid staining 
fairly deeply with methylen blue but scarcely at all with neutral 
red or other stains tried. It seems reasonably certain therefore 
that the invaginated mesentomeres disintegrate promptly to 
form the nutrition for the developing spermatophore. 

It is manifestly difficult to determine with exactness the order 
of cleavage and the relations of the cells. These enlarged sperma- 
togonia occur only at the height of the breeding season and then 
make up a very small per cent of the developing spermatophores - 
in the body fluid since these have been accumulated by the ordi- 
nary method for months. One must determine what occurs by 
the chance finding of successive stages, a laborious process, since 
the percentage of the desired material is so small. Presumably 
the cleavage of the giant spermatogonia might be watched if 
one could keep the body fluid under normal conditions. But it 
coagulates in the course of a few minyites after removal, the body- 
fluid cells cohere in masses and all other cells, too, cease their 
activity. When stages are found in the development of these 
giant spermatogonia it is not easy to determine the exact relations 
of the cells, for the cell mass is small and transparent, even if 
stained; furthermore it is difficult to manipulate the cell mass 
without breaking it as it is only about one four-hundredth the 
size of the developing egg. Still I am confident of the above 
statements, as I have worked with the living material, stained 
whole mounts and sections. The results stated have been re- 
peatedly confirmed during several summers at Woods Hole, 
working on A. cristata and have also been confirmed with the liv- 
ing and fixed material of A. claparedii and A. grubii. 
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After my attention had been caught by the peculiar egg-like 
cleavage of these giant spermatogonia which float freely in the 
body fluid, I hunted carefully for the early developmental stages 
of the normal sized spermatogonia that are occasionally set free 
singly in the coelom. So far as I can find, their development is 
the same as that just described for the giant form. 

One other interpretation might be suggested for these giant 
cells, namely, that they are tiny eggs which cleave in the body 
fluid to a certain point and then disintegrate. It is well known, 
of course, that such hermaphroditism of the gonad occurs when 
degenerative changes are going on init. But such an explanation 
seems negatived in this case by the following considerations— 

1. If they are developing eggs they would be undergoing cleay- 
age long before they reach normal size, in fact when only about 
one four-hundredth of the size of the egg when it is normally 
ready to be fertilized and begin cleavage. 

2. The normal sized spermatogonia undergo a similar cleavage 
when they are liberated singly in the body fluid. 

3. At the height of the breeding season, when these so-called 
giant spermatogonia are present, there are also found quite fre- 
quently giant spermatozoa whose volume bears about the same 
relation to the volume of the normal sized sperm as the volume 
of the giant spermatogonia bears to the volume of the usual pri- 
mary spermatogonia. ; 

It is to be noted that these exceptionally large spermatogonia 
appear toward the close of the breeding season. It is at this time 
that the body fluid is supercharged with spermatophores, evi- 
dently taxing the respiratory and excretory organs to the limit 
of their capacity. For it is at this time that the blood vessels 
develop in numbers like a thick growth of hair on the first and 
second nephridia and the adjacent muscles in A. cristata and in 
similar positions in the other species. At this time, too, the gonad 
is invaded by phagocytes, while the portions adjacent to the blood 
vessel suffer fibrous degeneration. It seems quite likely then, 
since the respiratory organs are taxed to the utmost, that an oxy- 
gen starvation sets in in the gonadial tissue, inducing fibrous 
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degeneration and phagocytosis. The growth of the giant sperma- 
togonia may be due to the same general causes, the accumulation 
of wastes so changing the osmotic relations between cell content 
and the surrounding medium that an increase in size results, 
either from accumulation of materials customarily excreted or 
through increased absorption from the nutritive fluids that bathe 
the cell. 


THE SPERMATOPHORE DEVELOPED FROM ONE SPERMATOGONIUM 


In the light of these facts regarding the development of the giant 
spermatogonia and those of normal size that float freely in the 
body fluid, it is now worth while to review the formation of the 
ordinary spermatophores—those that are developing from the 
cells in the body of the gonad. A primary spermatogonium 
divides into two, four, eight cells, ete. Some of these cells move 
to the center of the mass and disintegrate to form the blastophore 
whose substance is absorbed as nutrition by the surrounding 
cells and is replaced by more or less excretory matter. Meanwhile 
the mass of cells is migrating toward the margin of the gonad. 
Arrived there, the nearly hollow cluster is given off into the body 
fluid where division of the component cells continues until the 
last generation of spermatogonia is formed. By a slight growth 
the cells are changed into the spermatocytes of the first order. 
The two customary divisions of the cells ensue and the spermatids 
are formed and then change to sperm. Meanwhile the spherical 
mass has changed its shape to the saucer-shaped or lenticular 
mass of the adult spermatophore. 

It may seem an unwarrantable assumption that the ordinary 
spermatophores are the result of the segmentation of a single 
primary spermatocyte. The idea was suggested, rendered prob- 
able perhaps, by the development of the giant spermatogonia. 
It seems proven by the fact that all the cells in a given group 
manifest the same stage of division. It certainly presents a 
striking appearance, (figs. 8 and 9), to have a group of cells—a 
spherical bunch—all in the early prophase, for instance, when the 
adjacent cells manifest no sign of division. The possibility has 
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been considered that, perchance, some influence emanates from 
the central cell of a fortuitously accumulated mass as this cell 
divides, which, passed on to the adjacent cells, causes them to 
divide also. One is at a loss however to see why the influence 
should not be passed on to the still more peripheral cells so that 
all the cells of the gonad would divide more or less in unison. 

It is proper to speak of the division of these cells as synchronous 
only in a general way. It must not be taken to mean that each 
phase of division occurs in all simultaneously, merely that certain 
prophase and telophase conditions, that anyway last for a con- 
siderable time, are frequently found in all or nearly all cells of the 
group at once, so that the cells of the group in some stage of divi- 
sion, not necessarily exactly the same, will contrast with the sur- 
rounding tissue. 

One finds these synchronous cells more or less disconnected 
at times, as if the stress of the neighboring growing cells had 
broken the integrity of the mass. Still the general harmony of 
division is maintained, as would be the case if the blastomeres of 
a four- or eight-cell stage in a developing egg were separated by 
mechanical means. When this does occur the separated sperma- 
togonial blastomeres apparently proceed to form spermatophores 
of a fourth or an eighth the normal size, thus readily accounting 
for the previously noted variation in the size of the spermato- 
phores. 


THE SPERMATOPHORE THE GAMETOZOON 


It seems evident, then, that the development of the primary 
spermatogonia in the gonad, the same spermatogonia, when shed 
singly into the body cavity, and the giant spermatogonia are all 
in accord and are sufficiently suggestive of the development of 
the individual derived from the egg to make the hypothesis quite 
plausible at least that we have in Arenicola an alternation of 
generations. The primary spermatogonia are asexual spores, each 
of which, cleaving in a manner quite analogous to the cleavage of 
an egg, produces an individual, the spermatophore, all the cells 
of which are transformed into gametes. 
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THE ALTERNATION OF GENERATIONS 


There follows the union of the sperm and the egg, the second 
individual in the alternation, what we ordinarily know as the 
adult worm. This individual it is that produces the spermato- 
gonia or oogonia, or in other words, the asexual spores. 


Botanic use of the term 


The conception of the alternation of generations has developed 
in its clear-cut simplicity among the botanists. It is that in the 
life history of a form there are two generations, one of which pro- 
duces sexually, the other by asexual spores. It is typified in the 
bryophytes and most pteridophytes. In the higher plants the 
sexual or gametophyte generation is gradually reduced so that it 
is only in relatively recent times that its existence as such has been 
recognized in the phaenogams. 


Usual zoological significance 


The term alternation of generations has been used by zoolo- 
gists in a totally different sense. Two generations occur in many 
animals, the so-called sexual and asexual. The latter originates 
from a fertilized egg; the former arises by budding or a similar 
process from the asexual generation. There is thus an alterna- 
tion of a generation that reproduces sexually with one that is 
never sexual, but the latter does not reproduce by asexual spores 
as is the case in plants. It is unfortunate that the same term 
is used for both processes. The asexual generation in the animal 
alternation is much more comparable to the sporophyte which is 
produced in propagation by cuttings or by runners. I am using 
the term alternation of generations strictly as it is understood 
by botanists. 


ALTERNATION OF GENERATIONS AND REDUCTION 


Now in all except the lowly plants, in all the archegoniates and 
even in many algae this alternation of generations is accompanied 
by the phenomenon of chromatin reduction, and reduction seems 
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always to occur with definite relation to the alternation. The 
gametophyte, the plant that gives rise to the sexual elements, 
bears the reduced or haploid number of chromosomes. The 
sporophyte, the generation that produces the asexual spores, has 
the diploid or somatic number. Reduction occurs at the time 
the asexual spores are produced. So generally is this true, that 
for a time in many botanical papers, the presence of the diploid 
number of chromosomes was looked upon as a criterion that the 
cell possessing this number belonged to the sporophyte; or is a 
gametophyte cell if it has the haploid number, and the conclusion 
reached in a study of the archegoniates is forced, on a priori 
grounds, to cover the thallophytes as well. Thus Yamanouchi 
speaking of Williams’ work on Dictyota says ‘“‘The fertilized 
egg nucleus gives rise to an asexual plant with double the number 
of chromosomes and consequently a sporophyte generation.” 
(Bot. Gaz., vol. 42: p. 481). And again, quoting from Davis, 
‘Morphologically we can distinguish sporophyte plasm from gam- 
etophyte plasm by the double number of the chromosomes.”’ 
(Am. Nat., vol. 39: p. 456). 


In subjecting this life history [of Coleochaete] one of the green algae 
to what is regarded as a critical test of the two generations it has been 
discovered that this special spore-producing body is not a sporophyte. 
The test has to do with the number of chromosomes in the nucleus, a 
number which is definite for each plant species. The chromosomes are 
doubled in number by the fusion of the sperm and egg to form the oospore; 
and this means that in some other point in the life cycle the number must 
_ be reduced again. Accordingly the sporophyte, which arises from the 
oospore, is characterized by the double or 2x number of chromosomes in 
its nuclei; and the gametophyte, which gives rise to the gametes, is char- 
acterized by the reduced or x number of chromosomes. Text book of 
Botany, Coulter, Barnes, Cowles; vol. 1, p. 32. 


Alternation and reduction independent 


Recently, however, cytological studies on botanical material 
have thrown serious doubt on this conception. Reduction and 
the alternation of generations are, even in plants, independent 
phenomena. I shall briefly cite three lines of evidence in proof 
of this proposition. The few papers to which I refer will give 
references to abundant literature. 
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1. It is proven by cytological studies on aposporous and apog- 
amous material. By ‘apospory’ (Vines, Journal of Bot., ’78, 
p. 355) is meant the direct production of a gametophyte from the 
tissue of a sporophyte without the intervention of a spore. ‘Ap- 
ogamy’ (DeBarry, Bot. Zeit., ’78, p. 449) means the growth of 
a sporophyte as a vegetative outgrowth from the gametophyte. 
This definition is tentative, as later writers, Strasburger, Farmer 
and Digby, etc., are not yet agreed on the limitations of apogamy 
and parthenogenesis. 

Farmer and Digby succeeded, in four forms with which they 
experimented, in inducing apogamy, causing the omission of 
sporogenesis. ‘They derived the prothallia directly from abor- 
tive sporangia or from pinnae. Such gametophytes have approx- 
imately the diploid instead of the usual haploid number of chro- 
mosomes. They conclude therefore ‘‘that there is no necessary 
relation between the periodic reduction in the number of chro- 
mosomes and the alternation of generations.”’ 

Again, Yamanouchi, in his study of apogamy in Nephrodium, 
obtained a sporophyte with the haploid instead of the customary 
diploid number of chromosomes. 

2. The independence of the alternation of generations and 
reduction is further demonstrated by the fact that reduction may 
occur before, after, or during the sexual act, that is, in either the 
sporophyte or the gametophyte generation. I realize that in 
such a statement of the argument I am begging the question. I 
am merely stating the facts as they appear from my standpoint. 

Whether the sporophyte and gametophyte of the archegoniates 
are phylogenetically continuous with the spore-bearing and gam- 
ete-bearing generations of the algae or whether the sporophyte 
of the archegoniates is a new structure, developed out of the 
fertilized egg and unrelated to the spore-bearing generation of 
the ancestral alga is a moot point. Botanists are far fromagreed as 
to the course of the evolution of the higher plants from their 
algal ancestors. The Chlorophyceae has been designated the 
probable ancestral group and both Chara and Coleochaete are 
pointed out by different investigators as probable connecting links. 
With equal conviction other botanists, notably Schenk recently, 
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discard these forms as pathways of ascent and adopt the Phaeo- 
phyceae as the most likely progenitors of the higher plants. Still 
others believe some common ancestors of these groups, a form now 
extinct, to have been the starting point of the archegoniates. 
Disagreeing over the probable course of evolution, they are equally 
at variance on the moot point mentioned above. 

Insuperable difficulties seem, so far, to stand in the way of 
tracing the evolution of the sporophyte of higher plants from the 
so-called rudimentary sporophyte which develops from the fertil- 
ized egg of such forms as Oedogonium, Ulothrix and Coleochaete. 
In these forms the egg, after fertilization, breaks up into a num- 
ber of separate cells, each of which gives rise to a new plant, thus 
functioning in a way suggestively like the asexual spores of the 
archegoniates. In Coleochaete, the only one of the lot that 
approaches the Hepaticae in structure sufficiently to be considered 
a probable ancestor, this structure can not be considered a sporo- 
phyte unless it be one with the x number of chromosomes instead 
of the 2x, in which ease it is difficult to see how it gives rise to 
the sporophyte of the higher forms, which is usually character- 
ized by the 2x number. 

In quite as many algae, Sphaerella, Volvox, Vaucheria, Chara, 
Fucus, Dictyota, etc., the fertilized egg, possibly after a rest period 
develops directly into the spore-bearing generation. It may 
be invidious for a zoologist to suggest that the sporophyte of the 
higher plants has arisen from this class of algae, by the inclusion 
of the spore-bearing generation of an alga within the gamete- 
bearing generation, somewhat as in Volvox one individual is 
included within the other. And I will not even venture the sug- 
gestion but will merely call attention to the fact that botanists are 
still not in sufficient agreement as to the course of the origin of 
the sporophyte in the archegoniates to prejudice, by their plant 
evidence, a zoologist against a theory along this line for animals. 
It is such a point of view that I take, namely, that in animals, 
and possibly also in plants, the spore-bearing and gamete-bearing 
generations of the protozoa (and algae) are phylogenetically con- 
tinuous with the sporozoon (or sporophyte) and the gametozoon 
(or gametophyte) of the higher forms. 
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With such a position in mind, I have a right to take evidence 
on the independence of reduction phenomena and the alternation 
of generations from the algae and protozoa. Moreover I have 
the precedent set by eminent botanists who use Coleochaete, 
Fucus, Polysiphonia, etc., as examples of the alternation of gener- 
ations in the algae and base their theories of the rise of the phe- 
nomenon on such algal evidence. 

Karsten has shown that the mitoses in the zygote of Spiro- 
gyra are reduction mitoses. The same is true of the Desmidaceae. 
These mitoses occur, of course, after the fusion of the egg and 
sperm. In Fucus, reduction occurs in the division of the anther- 
idial and oogonial initials; in the case of the egg, the reduction is 
three mitoses prior to fertilization. (Yamanouchi.) In the Dic- 
tyotaceae, the cells of the tetrasporangium are the seat of the 
reduction division (Williams). Yamanouchi has shown that in 
Polysiphonia it is in the division of the tetraspore mother-cells 
that reduction occurs, while Wolfe claims that in Nemalion reduc- 
tion occurs at the time of carpospore formation. Davis is so 
impressed with the fact that among the algae reduction occurs 
at so many different phases of the life history that he concludes 
that the phenomenon has a multiple origin. He says: 


All of these cells in being the seat of reduction mitoses are analogous 
to the spore mother cells of archegoniates, but that would not warrant 
their being considered homologous with the latter structures. There is, 
on the contrary, good reason to believe that, in plants, reduction phe- 
nomena became established as features in the life histories of a number of 
groups quite independently of one another, as the evidence indicates was 
also true of the processes of sexual evolution and the differentiation of 
the sporophyte generations. (Am. Nat. 43: 109). 


Similarly among the protozoa we find the reduction phenomena 
occurring at various times. In Adalia (Siedlecki) and Monas 
(Prowazek) reduction occurs by the formation of chromidia in the 
gametes before they unite. Neresheimer and Metcalf find that 
in Opalina reduction occurs before the gametes form. Schaudinn 
has shown that in Actinophrys the cytoplasm of the conjugating 
individuals unites and then a reduction of the nuclei occurs. 
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Dangeard thinks that reduction occurs during germination in 
Chlamydomonas. Prowazek’s work on Polytoma indicates that 
the same is true in this form. Illustrations might be multiplied. 
Hertwig, years ago, after careful study of many protozoa, con- 
cluded that either before, after or during the sexual union there is 
a reduction division. 

3. Among the protozoa and algae already cited, it is evident 
that reduction occurs when there is no alternation of generations. 


CHAMBERLAIN’S THEORY 


I have at some length presented what seems to me good evi- 
dence of the proposition that the alternation of generations and 
reduction are independent phenomena. JI have been anxious 
to make the matter emphatic, otherwise, in any comparison of the 
alternation of generations in the higher plants and animals, un- 
warranted conclusions are reached. Thus Chamberlain, in pro- 
posing a theory of the alternation of generations in animals says, 


The egg with the three polar bodies constitutes a generation compar- 
able with the female gametophyte in plants; similarly, the primary 
spermatocyte with the four spermatozoa constitute a generation com- 
parable with the male gametophyte in plants. All other cells of the 
animal constitute a generation comparable with the sporophyte gen- 
eration in plants, the fertilized egg being the first cell of this series. 

In support of this theorv I shall present two lines of evidence: (1) 
the gradual reduction of the gametophyte in plants, with the constantly 
diminishing interval between the reduction of the chromosomes and the 
process of fertilization; and (2) the phenomena of chromatin reduction 
in both animals and plants. 


Briefly, his argument is this: that since, in the higher plants 
the gametophyte is gradually reduced, producing a condition 
apparently identical with that in animals, the egg and its three 
polar bodies and the spermatids of animals are to be regarded 
as tetraspores and the gametophyte generation is undeveloped 
except as represented by these cells: that these cells are further 
proven tetraspores because, in their formation, reduction occurs 
in a manner very like the reduction in the formation of the tetra- 
spores of the higher plants. 
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Objections to Chamberlain’s theory 


The facts adduced in the formation of the spermatophore of 
Arenicola and the evidence cited above to show the independence 
of reduction and the alternation of generations lead me to doubt 
both the validity of his argument and the accuracy of his conclu- 
sion. We are concerned at present only with his argument. 


The fertilized egg of a lily is the first cell of the sporophyte, whether 
it ever divides at all. Consequently, we regard the zygospore of Ulo- 
thrix or Spirogyra and the fertilized egg of Vaucheria or Oedogonium as 
sporophytic structures, even if the first division of the zygote should be 
meiotic, as seems probable. #rom such a simple beginning, we believe 
that the more complex sporophytes with more conspicuous alternation 
have been developed. (Am. Nat. 44: 608). 


LIMITS OF GAMETOPHYTE AND SPOROPHYTE 


The gametophyte and sporophyte generations must be marked 
off, then, it seems to me, by some limits independent of the phe- 

nomena of reduction. A much safer means of definition is to 
return to simple conceptions and designate that generation the 
gametophyte which had its origin in the asexual spore and which 
terminates with the formation of the egg. The sporophyte gen- 
eration begins with the fertilized egg and terminates with the for- 
mation of the asexual spore. Presumably all would agree that 
this means of distinction is the best; the only reason for relying 
on any other criterion is the difficulty of applying this one. 

Yet to insist that the conclusion reached in the study of the 
archegoniates that the 2x number of chromosomes marks the sporo- 
phyte, a law not without exceptions, even in the archegoniates 
themselves, shall apply in the algae, protozoa and higher animals 
too, seems to me unwarranted, for it drives one to the conclusion 
that as great a reduction has occurred in the gametophyte among 
protozoa and algae, Fucus, for instance, as has occurred in the 
whole evolution of the archegoniates from lowly Hepaticae to the 
most specialized angiosperms; and because there is another pos- 
sibility, namely, that the reduction phenomenon, in thecourse of 
evolution, shifts its position with reference to the boundaries of 
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the gametophyte and sporophyte generations in the life history of 
plants and animals—a possibility that, to me, seems more plausible. 

In algae and protozoa alike we have the usual asexual reproduc- 
tion followed by the sexual method, when some change in the 
physical or chemical condition, either of environment or organ- 
ism, is an active cause. This is apparent from Calkins’ studies 
on the conjugation of Paramoecium, Kleb’s work on the formation 
of the gametes in Hydrodictyon and similar papers that followed 
these pioneer investigations. In these forms, as in most algae and 
protozoa, there is an intercalation of sexual among asexual gen- 
erations, rather than an alternation. But let those conditions 
which produce sexuality recur with rhythmic regularity and an 
alternation is developed such as we have in Dictyota. We may 
presume that, phylogenetically, the higher forms exhibiting the 
alternation of generations have arisen from those lower ones that 
possess an intercalation of the sexual among the asexual genera- 
tions. Further discussion of the point may be deferred and the 
alternation in Arenicola presented more fully. 


Graphic life histories 


In Arenicola the individual male is a sporozoon giving rise to 
certain cells, the spermatogonia, which are really the micro- 
spores. These cleave in a manner homologous with the cleavage 
of the egg and give rise to the gametozoon or the spermatophore 
whose development is a curtailed recapitulation of the primitive 
gametozooic generation. At the end of this generation reduction 
occurs during gametogenesis. The union of the gametes initiates 
the sporozoic generation again. This life history may be graph- 
ically represented by the conventional diagram I, (text fig. 3). 

In the higher dioecious plants we should have a very similar 
graphic life history, see diagram II, except for the fact that reduc- 
tion occurs at a different point. Comparing merely these two 
life histories, it seems difficult to homologize the generations, 
simply because so important a phenomenon occurs at such widely 
separate points. Not only does reduction occur at different 
phases of the life history of the higher plants and animals, but 
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Fig. 3. Diagram I. Schematic representation of the spermatogenesis and 
alternation of generations in Arenicola. 
Fig.4. Diagram II. Scheme representing the life history of a phaenogam. 
Fig.5. Diagram III. Scheme of the life history of the moss or other bryophyte. 
Fig. 6. Diagram IV. Scheme of the life history of such an alga as Spirogyra 
or such a protozoon as Chamydomonas. 
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this is true, too, in the algae, as already pointed out. Let us 
review the facts down into that group with diagrams. 

The mosses, (diagram ITT), show a sporophyte and gametophyte 
generation of about equal importance. The egg and sperm are 
usually borne on the same gametophyte. 

The sporophyte becomes less and less prominent in the arche- 
goniates as we approach the algae. Among the green algae the 
intercalation of a sexual generation seems the rule rather than the 
alternation of generations. The life history of Spirogyra, of the 
Diatomaceae, and of such protozoa as Chlamydomonas and Poly- 
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Fig. 7. Diagram V. Scheme of the life history of Adelia, Monas, etc. 


toma would be graphically shown in diagram IV. Insuchformsas 
Adelea, Monas and Actinophrys among the protozoa, in no algae 
so far as I know, reduction occurs during the fusion of the gametes; 
the life history is given in diagram V (text fig. 7). 

Nowwhich of these life histories most nearly approximates prim- 
itive conditions? The question involves a discussion of the rela- 
tion in phylogeny of the alternation of generations, sexuality and 
reduction. The evidence already given shows that the latter 
two phenomena antedate the alternation of generations, for both 
are found among simple animals and plants that have not-achieved 
the alternation. 
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SEXUALITY AND REDUCTION 


Many biologists are inclined to regard sexuality and reduction 
as causally related. Thus Davis says ‘‘Chromosome reduction 
as a physiological process seems to be a corollary of sexual nuclear 
functions.” (Bot. Gaz., vol. 43: p. 109.) If either were the 
effect of the other, we should expect reduction to bear a fixed 
relation to the sexual act. As itis we have seen that it may occur 
before, during or after such act. It would be better to say, then, 
that reduction is an adjunct of sexuality and both are probably 
corollaries of some fundamental cause yet to be determined. 

It has been suggested by Biitschli and later writers that the 
union of the gametes is a process of rejuvenescence. In other 
words, the sexual act is induced by exhaustion of the organism. 
We know that chromidia are due to degeneration produced by 
exhaustion and otherwise (Dobell, ’07). Further, a very simple 
type of reduction has been found in some protozoa (Monas, 
Adelea, etc.) to consist of the extrusion of chromidia. The very 
incomplete state of our knowledge regarding reduction, chromidia 
and sex, particularly among the lower plants and animals, makes 
the proposal of even a working hypothesis premature. I call 
attention to the exhaustion of the organism through repeated 
asexual divisions as a possible cause of both sexual union and 
reduction, merely to illustrate the possibility that both are corol- 
laries of some underlying single cause. 

About the only justifiable conclusion regarding the phylogenetic 
relation between the sexual act and reduction is that they arose as 
adjacent phenomena. This seems probable, since in primitive 
forms, both plants and animals, they occur close together in point 
of time. It would seem, on a priori grounds, too, that if a sexual 
union occurred in forms that had been producing asexually, a 
reduction in the amount of chromatin would promptly occur if 
it had not occurred previous to the act, so as to restore customary 
conditions as speedily as possible. 
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THE PRIMITIVE ANIMAL TYPE 


Botanists seem agreed that the significance of the persistent 
gametophyte in the higher plants is that it represents a return 
to a primitive type. The conclusion seems a proper one. We 
would similarly expect the gametozoic generation, then, to rep- 
resent a primitive animal type. The spherical spermatophore, 
arising from a spermatogonium as a spore might cleave, must 
find its counterpart in the phylogeny of the higher animals as the 
thallus-like gametophyte of the higher plants indicates a thal- 
line ancestry for them. 

Possibly the Volvocales approximate most closely to such an 
hypothetical ancestral form. The group is one that has been 
appropriated by many zoologists as showing marked animal 
affinities, and is admittedly a widely aberrant type by all botan- 
ists. Volvox reproduces asexually; certain cells of the central 
cavity, the so-called parthenogonidia, reproduce by fission, and 
the offspring divide and subdivide, the products cohering in spher- 
ical masses to form colonies like the parent. These are freed 
when the parent colony disintegrates. Volvox also reproduces 
sexually. Certain cells differentiate as eggs and come to lie in 
the interior of the colony. Other cells, similarly discharged to 
the interior, develop within them numerous sperm. The sperm 
break out of their containing cells and fertilize the eggs. The 
oospore remains inactive for some time as a resting spore but 
finally develops a colony like the parent. My preparations are 
not yet sufficiently clear to permit of working out all the chro- 
matin changes, but lam quite positive that reduction occurs in Vol- 
vox, 4s it does in animals, during gametogenesis. 

In the Dicyemidae, looked upon by many, zoologists as the 
connecting link between the protozoa and the metazoa, the proc- 
ess of reproduction is suggestively similar, except that the asex- 
ually produced young bore out from the parent to an independent 
existence instead of awaiting the death of the parent. The center 
of the dicyemid is occupied by a cell, in which, besides the nucleus, 
there are one to several embryo cells from which the asexual 
individuals arise. These cells are evidently the homologues of 


THE SPERMATOPHORE IN ARENICOLA 1035 


those parthenogonidia found in the Volvox colony. Max Hart- 
mann, in describing the reproduction of the Dicyemidae, speaks 
of this central cell as the agametangium because in it develop the 
asexual, or as he calls them, the ‘agamic’ individuals. After 
several generations of these agamic individuals, there arise the 
sexual or the gametic individuals. They arise from the embryo 
cells (Keimzellen of Hartmann) by a process of cleavage very sim- 
ilar to the development of the agamic individuals, except that in 
the female the reproductive cells are split off early. The female 
as well as the male sexual individual grows within the asex- 
ual parent. The eggs are developed from the embryo cells of the 
female. They are freed from the gametic individual into the so- 
called agametangium of the agamic individual by the death of the 
gametic form. The egg matures by forming polar bodies and is 
fertilized by sperm which have discharged from the male gametic 
individual by its death and disintegration. 

To harmonize Hartmann’s description with the language I have 
used in giving the alternation of generations in the Arenicolidae I 
have only to change his terms slightly; (I have adopted the ter- 
minology proposed by Beard, cited later). Call his agamic in- 
dividuals the sporozoon and the Keimzellen spores; his gametic 
individual, the gametozoon; then the dicyemids make concrete 
our conception of how the alternation of generations of the higher 
forms arose from such simple ones as Volvox, even though the 
line of ascent may not actually have passed through the Dicye- 
midae. 

Imagine that in a Volvox-like form the sexual colony or gameto- 
zoon develops eggs and sperm before it is discharged from the 
colony which reproduces asexually and the condition of the dicye- 
mids is practically achieved. Now imagine that a regular alter- 
nation of generations is established instead of the intercalation 
of an occasional sexual generation in the midst of the dominant 
asexual reproduction of the Dicyemidae and a condition is estab- 
lished that needs little if any modification to give the alternation 
of generations as we find it in the Arenicolidae, as follows: 

The adult Arenicola, a sporozoon, corresponds to the sporophyte 
colony of Volvox or the agamic individual of the dicyemid. At 
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some time in its life history cells are developed within its central 
cavity—the primitive germ cells or spore mother cells. These 
develop spores which we know as spermatogonia or oogonia. Such 
spores, in Volvox, develop new ¢olonies which may be sex- 
ual and which are freed when the parent disintegrates. In the 
Dicyemidae, if a gametic individual develop from such spores 
(or Keimzellen) it is retained in the parent where it disintegrates 
to free its egg or sperm. In a word the gametozoon degenerates 
prematurely within the sporozoon. Now in Arenicola, I take 
it, the development of the spermatogonia into the spermatophores 
is the development of the gametozoa. Gametozoon degeneration 
begins before its development is complete and the sperm are pro- 
duced by a short cut. Instead of developing an individual, with- 
in which some cells form the clusters of sperm, its cells form the 
sperm cluster immediately. In this genus, as I have already 
shown is the case in Hydra, the sperm seems to form within the 
spermatid, reminiscent perhaps of the primitive condition found 
in Volvox of forming the sperm within the cell. 

For the sake of my theory, I should like to agree with Tann- 
reuther in the spermatogenesis of Hydra. He claims that the 
spermatozoa develop ‘in groups, each group enclosed within a 
single cell or cyst. But the clearness of my own preparations 
seems to negative completely such an interpretation. I can only 
reiterate what I have already published on the spermatogenesis 
of this form. It is too bad, for Hydra would make even a better 
transition form than it does, between such a spermatogenesis 
as we have in Volvox and the typical animal spermatogenesis 
in which the spermatid transforms into the sperm in its entirety 
rather than developing the sperm within it. 

Hartmann, in the paper on the Dicyemids, describes briefly 
and figures a development of the fertilized egg that is very similar 
to the development of the asexual spores. The same parallelism 
is noted in many botanic papers, the oospore developing much 
as an asexual spore does in its early stages. To find, then, in 
Arenicola that the spermatogonia or asexual spores develop to 
produce the spermatophore or gametozoon in a manner homol- 
ogous to the development of the fertilized egg is to strengthen the 
position taken that the spermatophore is the gametozoon. 
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THE GAMETOZOON, A 2X FORM 


Botanists, reasoning on the basis of the fact that the disappear- 
ing gametophyte in the higher forms possesses the haploid num- 
ber of chromosomes, have been led to assume, not only that the 
gametophyte represents a reversion to the primitive type, but 
also that this primitive plant possessed the « number of chro- 
mosomes. Reasoning in an analogous manner, we should be 
forced to assume, that, since the gametozoon possesses for most 
of its life history, the 22 number of chromosomes, so the prim- 
itive animal type did not have the reduced number. This dis- 
tinction between plants and animals has long been recognized. 
“So far as groups of plants above the thallophytes are concerned, 
the period of chromosome reduction has been found to be always 
associated with sporogenesis and never with gametogenesis as 
in the case of animals.’”’ (Yamanouchi; Polysiphonia, p. 43.) 
The difference may help to trace the gradual separation of the 
plant and animal types in the course of evolution. Upon this 
distinction, for instance, Dobell rests his belief in the plant affin- 
ities of the Phytomonadina (The structure and life-history of 
Copromonas subtilis, p. 112). The discovery already mentioned 
that Volvox has reduction occurring during gametogenesis would 
justify, in a measure, the classification of the form as an animal 
rather than as a plant. 


THE COMMON PROTOTYPE 


Presumably plants and animals have come from a common an- 
cestor. Now in all higher animals reduction occurs near the 
close of the gametozooic generation. It occurs, in all higher 
plants, near the close of the sporophyte generation. In the com- 
mon ancestor it must have occurred at a point between these 
two extremes, possibly during or in close connection with the con- 
jugation of the gametes. Such a possibility is rendered probable 
from the fact that, in thallophytes and protozoa, the reduction 
occurs at variable times in the life histories, usually as an adjunct 
of the union of the gametes, as if that variation were dominant 
which later becomes fixed in the two prevailing plant and animal 


types. 
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ORIGINAL POSITION OF REDUCTION 


If reduction originally occurred in the primitive common ances- 
tor somewhere closely adjacent to the union of the gametes, the 
reduced number of chromosomes would exist for only a short 
period and might not occur at all. The major part of the life 
history of the forms would possess the somatic or diploid number. 
This is now the case for most animals and for many of the algae 
as already shown. In plants, then, the place of reduction in the 
life history has been shifted; the phenomenon has been postponed. 
In animals it occurs much nearer its original position. 


Reduction shifted 


Since in practically all animals and in many algae, the phenom- 
enon of reduction occurs before or during conjugation of the 
gametes, the preponderance of evidence appears in favor of such 
a position in the primitive common ancestors of plants and ani- 
mals. It is all the animals and many algae against the higher 
plants in favor of such an hypothesis. Text fig. 7, then, might 
nearly represent primitive conditions. Evidently following the 
gamete-bearing generation with its definite number of chromosomes 
would come a spore-bearing generation with the same number 
of chromosomes. This is true now in the Conjugales, Coleo- 
chaete, etc., and I believe in Volvocales and the animals. True, 
in Conjugales, Volvocales, etc., there are several spore-bearing 
generations following each other in succession. But if, for any 
reason, the alternation of generations be established by the omis- 
sion of all but one of these spore-bearing generations, there would 
be left the gametophyte and sporophyte generations as I conceive 
them to exist in Arenicola, only that the reduction has shifted 
from a position like that of fig. 7 of the text to a place before the 
conjugation of the gametes. For plants the shift in position has 
been, in the opposite direction—a shift that is seen progressing in 
text fig. 6 and completed in fig. 5. 

In Chamberlain’s theory of the alternation of generations in 
animals, he maintains that the shift in the animal group has 
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been in the same direction as in the higher plants. As pointed 
out by Coulter and Miss Pace, the end result attained in plants 
by the gradual reduction of the gametophyte generation to the 
point of complete extermination, in such forms as Pandanus, 
is entirely similar to the condition found in animals. Because 
the end results are similar is not prima facia evidence that the 
means of achievement in the course of evolution have been the 
same; it is very evident that in the higher plants such a condition 
as is found in Cypripedium, etc., is the result of a reduction of 
a gametophyte generation with the x number of chromosomes, 
for all steps in the process are evidently traceable. But nowhere 
in the animal kingdom, not even among the protozoa, is there 
any evidence of a corresponding gametozoic generation with a 
reduced number of chromosomes. 


REDUCTION AND TETRAD-FORMATION 


It is true that there is a striking similarity between the 
formation of the tetraspores in most plants and the development 
of the spermatids from the spermatocyte. It is rendered doubly 
suggestive by the fact that reduction occurs during both processes. 
Yet, even in the plants themselves, we are not warranted in con- 
cluding that all cells in which reduction occurs are homologous. 
Reduction occurs without tetraspore. formation in a sufficient 
number of cases, as in Lemanea, Chantransia, etc., to show that 
there is no fundamental phylogenetic association involved. The 
customary appearance of a fourfold division at time of reduction 
may be based on some fundamental! property of carbon compounds, 
possibly on the tetravalent condition of carbon itself; in which 
case it would not be strange to find tetrad formation common in 
plants and animals without assuming that, when occurring, a 
morphological homology is indicated. 


BEARD’S HYPOTHESIS 


In the preceding pages I have noted one hypothesis of the alter- 
nation of generations in animals—that proposed by Chamber- 
lain, and I have given my reasons for discarding it. Another 
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hypothesis of the alternation of generations in animals has been 
proposed and vigorously advocated by Beard. He recognizes 
an antithetic alternation of generations in animals. He, too, 
identifies ‘‘the primary germ cells as the equivalents of the spore- 
mother-cells of plants.’”’ He regards the larva or phorozoon as 
the asexual generation, the homologue of the sporophyte. He 
derives the gametozoon, the adult animal, from it by apospory. 
He is forced to conclude, then, ‘‘ that the final reduction of chromo- 
somes has been deferred to a later portion of the life cycle in 
metazoa as compared with plants.” 

The same objections apply to Beard’s hypothesis as to Cham- 
berlain’s, namely, that there is no evidence in fact of the succes- 
sive steps in the postponement of reduction in animals similar 
to that so constantly apparent in plants. So far as we know, the 
process always occurs closely adjacent to the union of the gametes, 
continuing, in the higher animals, in much the same position in 
the life cycle that it occupies in the lower animals and plants. 
Whereas, in plants, it is evidently shifted from this primitive 
position and the successive steps of the shift are traced with some 
degree of certainty in living forms. 

Furthermore, it seems to me, an impossible task to articulate 
his theory with what we know of the reduction phenomena and 
the development of the protozoa and mesozoa. He says: 


The sexual generation of plants is at best a miserable failure from the 
morphological point of view. . . . The higher one ascends the 
smaller it bécomes until in the higher plants it has almost reached the 
vanishing point, without, however, being able to disappear entirely. 

In the animal it is the larva, the phorozoon, or asexual generation 
which makes the bravest show in the lower metazoa; . . . In 
the higher forms it becomes reduced. 


But how will a relation be established between the larva of the 
metazoa and the asexual generation of the protozoa? The one . 
should pass over into the other. It seems unwise to adopt a 
theory which demands a hiatus at this point, when it is easy to 
blaze a possible, uninterrupted trail along which evolution may 
have proceeded by way of such forms as the Volvocales and the 
Dicyemidae, if we adopt the hypothesis I have proposed. 
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PLATE 1 


EXPLANATION OF FIGURES 


1 Latero-dorsal view of the second left nephridium of A. cristata. X 15. 
2 Latero-ventral view of the second left nephridium of A. crist2ta. X 15. 
3 Latero-dorsal view of the third left nephridium of A. grubii. X 15. 

4 lLatero-ventral view of the fourth left nephridium of A. marima. X 15. 

5 Latero-dorsal view of the third left nephridium of A. claparedi. X 15. 


6 Latero-ventral view of the third left nephridium of A. ecaudata. X15. The 
bladder end shows a latero-dorsal view, but the rest of the nephridium is twisted 
by the weight of the gonad. 
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PLATE 1 


PLATE 2 
EXPLANATION OF FIGURES 


7 Section through the testis of A. cristata in October. It corresponds to the 
dotted portion of text fig. 1. The cells are some 7.5 uw in diameter. 

8 Section through a testis of A. cristata in February. It corresponds tothe 
dotted portion of text fig.2. Fibrous degeneration and phagocytosis are apparent. 

9 Section through the testis of A. cristata; numerous spermatophores are 
forming. 
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PLATE 3 
EXPLANATION OF FIGURES 


10 A spermatophore from the body fluid of A. cristata. These cells are the 
sixth generation of spermatogonia from the primary spermatogonia. Each divides 
to form the last spermatogonial generation. The cells have an average diameter 
of 3.5u. All are in the equatorial plate stage. xX 340. 

11 A spermatophore from the body fluid of A. cristata. The cells are the sper- 
matids Just after the division of the spermatocytes of the second division. They 
are in the early anaphase. X 340. 

12 A mature spermatophore of A. cristata. Smear preparation fixed in 
vom Rath’s fluid and stained in saureviolett and iron haematoxylin. X 625. 

18 Body fluid of A. cristata under low power, showing spermatophores in various 
stages (a, b, ce), and coelomic cells (d), leucocytes and chloragogue cells. > 100. 

14 A phagocyte from testis of A. cristata in April. xX 930. Note the ingested 
cell. 

15 An early stage in the formation of a spermatophore, from the body fluid 
of A. cristata. Diameter of the spermatophore 32 «4; average diameter of the cells 
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PLATE 4 
EXPLANATION OF FIGURES 


16 Section of a more typical spermatophore. X 1250. 
17 A giant spermatogonium. > 1800. 
18 A giant spermatogonium dividing, the two-cell stage. 
19 A giant spermatogonium dividing, the four-cell stage, polar view. 
20 A giant spermatogonium dividing, the eight-cell stage, side view. 
] A giant spermatogonium dividing, the eight-cell stage, polar view. 
2 A giant spermatogonium dividing, the sixteen-cell stage, polar view. 
23 A later stage in segmentation of a spermatogonium, a spermatophore from 
the body fluid of A. cristata. 
24 The ‘invagination’ of the forming spermatophore in A. cristata. 
25 Section through the saucer-shaped spermatophore of A. cristata. The cells 
are spermatids, 1} X 4yu. 
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